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resumo 
 
 
As sociedades modernas estão fundadas em sistemas infraestruturais como 
redes de abastecimento de água, electricidade, comunicação e transporte. 
Com o aumento da procura global pela eficiência, imposto pelo século XXI, o 
desempenho esperado das estruturas segue inevitavelmente a mesma 
tendência. Esta busca de performance tem levado às infraestruturas físicas e à 
tecnologia digital se fundirem no conceito de “infraestruturas inteligentes”, 
através de vastas redes de monitorização, aliadas a subsistemas de 
informação. A disciplina de gestão de tráfego é talvez aquela que mais tem 
beneficiado destes avanços, com a implementação dos chamados Sistemas 
Inteligentes de Transporte (ITS). 
Avanços recentes na área dos materiais têm permitido o desenvolvimento de 
materiais de construção “inteligentes”, capazes de desempenhar tarefas 
autónomas. Os compósitos cimentícios piezoresistivos são um exemplo. Estes 
podem ser utilizados como sistemas de monitorização, graças às suas 
propriedades intrínsecas de sensitividade a estímulos mecânicos. A presente 
dissertação visa fazer a ponte entre o conceito de materiais cimentícios 
multifuncionais e a disciplina de monitorização de tráfego. Deste modo, um 
compósito piezoresistivo foi desenvolvido para aplicação em pavimentos, com 
base na adição de partículas de negro de fumo (CB), com o objectivo de 
avaliar dados de tráfego em tempo real. 
Numa primeira abordagem experimental foi determinada uma composição 
cimentícia sensitiva, concluindo que a incorporação de 7% de CB (em relação 
à massa de cimento) oferecia a melhor resposta resistiva a estímulos de 
compressão. Numa segunda campanha experimental, composição, ergonomia 
dos sensores cimentícios, tipologia de ensaios e sistema de aquisição foram 
otimizados e adequados, de acordo com a finalidade de monitorização de 
tráfego. Ciclos de compressão estáticos e dinâmicos demonstraram  fatores de 
sensitividade médios (GF) de 60 e uma excelente resposta linear, não afetada 
por variações de temperatura, ao contrário da sensitividade piezoresistiva que 
registou diminuições até 30%. 
Em resumo, os resultados desta dissertação demonstram que a incorporação 
de elementos de betão sensitivo com adição de CB à superfície de pavimentos 
pode vir a constituir uma alternativa às soluções tradicionais de monitorização  
de tráfego, dado as suas vantagens como: baixo custo, simplicidade de 
implementação, propriedades estruturais, durabilidade e sensitividade. 
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abstract 
 
 
Today’s society is founded on infrastructure systems such as water, electricity, 
communication and transport networks. The global efficiency demand of the 
21
st
 century is growing rapidly and the expected performance of infrastructures 
follows the same trend. This pursuit for efficiency has led digital technology and 
physical urban infrastructures to fuse into the concept of ‘smart infrastructures’, 
relying on large monitoring networks coupled to information subsystems. Traffic 
logistics has been one of the fields which has benefited the most of such 
advances, with the implementation of the so-called Intelligent Transportation 
Systems (ITS). 
Over the last years, advances in materials science have enabled the 
development of a wide range of “smart” construction materials capable of 
autonomous tasks. An example of these are the piezoresistive cementitious 
composites, some of which may be used as monitoring systems, thanks to their 
self-sensing properties. The present dissertation aims to bridge the concept of 
multifunctional cement-based materials to the traffic monitoring discipline. Here, 
a stress-sensitive cementitious composite, based on the addition of carbon 
black (CB) particles, was developed for application in pavement surfaces with a 
view to perform permanent real-time evaluation of traffic data. 
In a first experimental approach, a sensitive CB-based cementitious 
composition was determined and results concluded that mixtures containing 
7% of CB by mass of cement offered the most favourable piezoresistive 
response. In a second experimental campaign, materials, specimens design 
and measurement setup were reviewed, towards traffic monitoring 
requirements. Quasi-static and dynamic compressive load cycles showed 
gauge factors (GF) as high as 60 and a response linearity inaffected by 
temperature variations, despite registered reductions in sensitivity up to 30%. 
Taken together, results demonstrated that embedding conductive CB-based 
concrete elements in pavement surfaces may become a prospective alternative 
to conventional traffic monitoring solutions given their numerous advantages, 
including: low-cost, simplicity of implementation, structural properties, durability 
and good sensitivity.  
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Chapter 1 
Introduction 
“Change is the law of life. And those who look only to the past or present are certain to miss the future.” 
John F. Kennedy 
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1. INTRODUCTION  
We live in a century in which the paradigm of conventional construction products is facing 
an irreversible change. In a world of finite resources, the search for efficiency has become 
a constant and the construction sector is undeniably concerned. Today, Man is learning 
how to manipulate materials at their nanoscale, so a page is being turned over the era of the 
low-tech construction materials by their replacement with more efficient and 
multifunctional products. This dissertation attempts to bridge the traditional infrastructures 
field to recent findings of materials and nanoscale sciences by developing an approach for 
a sensitive and multifunctional cement-based composite and explore its capabilities to 
perform permanent real-time self-evaluation of traffic data when applied in pavement 
surfaces. 
This chapter intends to contextualize the topic, introduce the discipline of smart materials 
and infrastructures and outline the research strategy adopted in this transversal approach. 
1.1. Research Context  
Modern societies are founded on infrastructures such as water distribution networks, 
electricity grids, communication webs and transportation systems [1]. They provide the 
basis for everyday life and enable the flow of goods, information and services within urban 
and regional settings [2]. As society moves deeper into the twenty-first century, the 
societal demand on infrastructure assets is growing rapidly, with higher expectations in 
terms of productivity and service delivery [3, 4]. The pursuit for more efficient 
infrastructure has led digital technology and physical urban infrastructure to fuse into the 
concept of ‘smart infrastructures’.  
Smart infrastructures are often defined as a lens through which the future is seen [5] or the 
backbone of a city [6]. Today, technologies such as sensing systems and big data analytics 
are integrated with physical infrastructures to achieve real-time monitoring, efficient 
decision-making and enhanced service delivery [1], relying on intelligent information 
subsystems. Critical information, such as occupancy, load, damage, corrosion rate or 
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moisture may be autonomously gathered in real-time, in buildings, bridges, dams or 
roadways, to name a few [7-9]. The benefits of smart infrastructures encompass the 
decrease of maintenance expenses, reduced damages and disruption costs, increase of 
quality and value of services, as well as protecting human life through user information 
[10].  
Traffic logistics is perhaps the field that has benefited the most of such advances, with the 
development of intelligent transportation systems (ITS) [11]. Traffic flow sensors are 
integral parts of ITS and provide real-time information used, for instance, to analyse 
historical trends, plan future investments, as indicators of congestions, exposure rates, 
potential air pollutant concentrations, expected fuel tax collections or service conditions of 
traffic infrastructures. Therefore, the accuracy of ITS depend largely on the reliability of 
traffic flow sensors [11]. The collection of vehicle classification and speed has also 
become increasingly important for safety and pavement design disciplines [12-14].  
Over the last years, advances in materials science have enabled the synthesis of a wide 
range of smart multifunctional construction materials capable of autonomous tasks (see 
section 3.1). Here, the term “multifunctionality” stands for taking advantage of the 
structural material itself to develop non-structural functions, without the need of external 
devices [15]. Among others, self-sensing concrete, have received significant attention from 
the scientific community [16]. Concrete is known as an electrical and thermal insulator. 
However, when mixed with specific fillers, in appropriate amounts, it undergoes an 
insulator-to-conductor transition and may drive electric charges across its functionalized 
matrix (Figure 1a). Interestingly, it has been observed that near or below this critical filler 
concentration, compressive loadings may induce or increase the conductivity of cement 
composites through a phenomenon called piezoresistivity (which is commonly associated 
with semiconducting materials) [17, 18]. This enables the monitoring of strain and stress 
by continuously measuring their electrical resistance [13]. Such material could ultimately 
replace conventional instrumentation systems and be an eventual solution for some of their 
drawbacks since structures are not disturbed by “extraneous” embedded elements. That 
being said, numerous approaches of piezoresistive cement-based self-sensors (PCSS) have 
been proposed by research groups for applications such as traffic monitoring (Figure 1b), 
structural monitoring and damage detection in reinforced concrete elements [16, 19].  
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(a) (b) 
Figure 1. a) Conventional vs. multifunctional concrete [19]. b) Concept of smart concrete 
applied to traffic monitoring  [20].  
1.2. Motivation and Objectives 
Given the actual efficiency needs, the benefits from recent scientific progresses and the 
nature of traditional pavements, there is a large evolution margin in terms of development 
of novel materials towards “smart” pavements, with emphasis on new monitoring 
solutions. Traffic monitoring encompasses occupancy, speed and weighing, for instance. 
Among traffic monitoring technologies, embedded inductive loop detectors have been the 
most used (Figure 2a) [9, 14]. However, they present several limitations, such as the need 
of pavement cutting for installation, the closure of lanes for maintenance, low survival rate 
and the decrease of the pavement life, due to compatibility issues. Other detection 
technologies have been also employed, such as Doppler microwave radars, infrared/laser 
sensors (Figure 2b), video image processors (Figure 2c) and piezo-electric/-resistive 
sensors for weigh-in-motion (WIM) applications (Figure 2d). However, they usually face 
the drawbacks of high costs or poor performance under severe weather conditions. 
A promising alternative may be the integration of PCSS in key locations of the pavement. 
This would allow not just the monitoring of flow density and vehicular speed, but may also 
constitute a WIM tool to categorize the type of traffic in real-time [21] (Figure 3). This new 
approach may bypass the downsides of conventional traffic monitoring methods by 
proposing a cost-effective, reliable (high linear outputs – seen further in the document), 
durable solution (since it consists of a construction material by its own).  
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(a) (b) 
  
(c) (d) 
Figure 2. Examples of conventional traffic monitoring systems. a) Working principle of 
induction loop sensors [22]; b) Illustration of an infrared traffic sensor [23]; c) Traffic detection 
by video traffic processing (courtesy of the RWTH Isac); d) Example of a piezoelectric weigh-
in-motion sensor [24]. 
 
 
Figure 3. Concept of a self-sensing pavement idealized by B. Han et al. [21]. 
The first report on self-sensing concrete pavement dates from 2009 [11]. Back then, carbon 
nanotubes (CNT) were used as conductive filler to provide a mortar-like composite with 
sensitive properties. Further studies [12, 25] also used the expensive nano-scaled additive. 
This is a critical issue, since the implementation of such materials will be unfeasible if the 
production cost is too high. Interestingly, carbon black (CB) particles have demonstrated 
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some advantages for PCSS applications compared with other conductive additives [26, 27]. 
Top amongst these is their lower cost.  
Based on the above-mentioned, this dissertation intends to explore the concept of 
multifunctional cement-based materials as an innovative solution for the traffic engineering 
discipline. More specifically, the aim is to develop a stress-sensitive cementitious material 
based on the addition of carbon black particles and study whether CB-based PCSS could 
be a viable material for long-term traffic flow density, vehicular speed and weight-in-
motion monitoring if applied to pavement surfaces.  
1.3. Methodology   
The present dissertation is transversal to different fields of engineering sciences. In fact, 
apart from fundamentals of mechanics of materials acquired in the civil engineering 
discipline, the development and operation of piezoresistive composites, as proposed by the 
author, requires a solid understanding of fundamentals of basic electronics and 
nanomaterials. Therefore, this investigation started understandably by a conceptual study 
regarding electronics, piezoresistivity and conductive fillers. 
Despite using different methodologies and being intended for different purposes, 
piezoresistive cement-based materials, e.g., paste-, mortar- or concrete-like, are not “new-
borns” among the scientific community. The second step consisted in a comprehensive 
survey on the state of the science to identify the potentials and challenges associated with 
this research. 
To meet the objectives defined in the previous section, an extensive experimental work 
must be implemented. The latter is divided into two main campaigns. The first intends to 
assess the effectiveness of carbon black as a conductive filler in PCSS. Experiments are 
conducted on several mixtures using a wide range of carbon black concentrations, 
encompassing strength and stimuli-response analysis, for instance. The goal is to define the 
best compromise in terms of mixture design. This is achieved by performing strength 
experiments and compressive quasi-static load cycles, simultaneously recording axial 
stress/strain and the variation of relevant electrical parameters. Here, the cementitious 
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mixture is designed using fine aggregates, likewise a mortar-like or fine concrete material. 
The aim is to find a compromise between piezoresistive performance and mechanical 
strength (further explained in section 4.1). This first approach is developed in the 
Department of Civil Engineering of the University of Aveiro (DECivil UA). 
The second part of the experimental campaign is focused on the optimization of the 
findings encountered in the mixture design experiments. This encompasses material, 
design and setup improvements. Specially shaped PCSS are developed and optimized for 
application on road surfaces (slab-shaped), more adapted measuring methods are adopted 
and the selected composition is improved in terms of sensitivity, maintaining a fine 
structure. Here, the specimens are experimented under several temperature conditions to 
evaluate how the thermal factor influences the performance of the developed composite. 
Unlike in the mixture design experiments, here the piezoresistivity of the specimens is 
quantified by using traffic-like stress amplitudes with quasi-static and impulsive load 
cycles in order to simulate axles passage. Additionally, dynamic signal treatment 
techniques must be discussed. This final approach is developed in the Institute for 
Highway Engineering of the RWTH Aachen University (ISAC). 
1.4. Document Outlines 
This dissertation is divided into 8 Chapters. Below are described the contents and purposes 
of each one. 
Chapter 1 aims to contextualize the topic of multifunctional concrete in the field of 
intelligent infrastructure systems. The concept is presented and the dissertation is defined 
in terms of methodology and final purpose.  
Chapter 2 introduces briefly the main electronics fundamentals necessary for the 
understanding of the working principle of the PCSS concept. The hydraulic analogy is used 
to facilitate comprehension.  
Chapter 3 aims to bridge tradition with the recent developments in the field of 
multifunctional concretes, with special emphasis on pressure-sensitive concretes. A brief 
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historical contextualization is made, the concept of functional concrete is introduced and 
the operation mechanisms are explained. 
Chapter 4 provides a comprehensive literature review on the most relevant research and 
progresses in the topic. The chapter is divided into laboratorial and site experiments.  
Chapter 5 describes the first approach adopted to design the piezoresistive CB-based 
mixture. Here, strength and electromechanical experiments are carried out in compositions 
using different concentrations of carbon black with a view to determine the optimal 
compromise between strength and sensitive performance.    
Chapter 6 concerns the optimization study based on the outcomes from the design task. 
Several improvements are done at functional and performance levels and specific 
characterization experiments are carried out towards the application of the PCSS in real 
monitoring scenarios. 
Chapter 7 identifies the main challenges encountered along the research work and discuss 
possible solutions to implement in order to solve aspects related with long-term 
monitoring.  
Finally, some final considerations are made in Chapter 8. The main conclusions of the 
research are highlighted and the possibilities of future work are indicated. 
Due to the quite large amount of results from the experiments of Chapter 6, the graphical 
outputs are documented Appendix. Additionally, most relevant scientific publications, 
resulting from the present investigation, are annexed.  
  
 
 
  
Chapter 2 
Electronics Fundamentals 
 “An investment in knowledge pays the best interest.” 
Benjamin Franklin 
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2. ELECTRONICS FUNDAMENTALS 
Despite being based on simple principles, the behaviour of PCSS may hide complex 
phenomena. Their operation combines mechanics and electronics fundamentals, so a strong 
knowledge of electronics basics is crucial to not only understand but also operate reliably 
such composites. Because electrical phenomena are invisible and often difficult to 
perceive, the electronic–hydraulic analogy [28] is frequently used to describe electrical 
principles, in DC (direct current) circuits, by associating the movement of charges to the 
flow of water an element with water flowing in a pipe. Consequently, this chapter briefly 
presents relevant electrical principles by using the respective hydraulic equivalents. 
2.1. Charge 
Electricity is defined as the phenomena that occur due to the presence of electric charge 
(Q) [29]. Charge is created by the movement of charged particles through a conductor, for 
instance, which in turn do work. Charge can be positive or negative, if carried by protons 
or electrons, respectively. An element is positively or negatively charged when it has an 
excess of protons or electrons, respectively. In circuits, charge is carried by 
moving electrons in conductors. Conventional electrical devices operate using the same 
basic power source: the movement of electrons to generate work (W), or energy. The 
standard unit for electric charge is coulomb (C). One coulomb is the charge transported by 
a constant electrical current (see section 2.3) of one ampere in one second. In some 
applications, e.g., batteries, it is common to find the charge, i.e., the amount of stored 
energy, indicated in ampere-hour (Ah) or milliampere-hour (mA.h). In quantum physics, 
electric charge is expressed in number of elementary charges (e), i.e., the charge of a 
proton (+𝑒) or an electron (−𝑒), approximately equal to 1.602×10−19 C.  
A circuit is a closed loop that allows charge to move from one place to another. 
Components in the circuit allow us to control this charge and use it to do work. Therefore, 
electric charge may be associated with hydraulic analogy by being the amount of fluid in a 
hydraulic system. 
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2.2. Voltage 
Voltage (𝑈) also referred as potential difference or tension, defines the difference in 
electric potential between two points of a circuit [29]. The voltage between given points A 
and B in an electric circuit is the work done when a coulomb of charge passes between 
both points. The standard units are thus joule per coulomb (energy per unit of charge), 
corresponding to one volt (V). In other words, charge moving through a circuit will lose 
energy across its various components, which consume it to operate. The difference of 
energy of a coulomb of charge between two points is the voltage. 
Potential may be associated with the hydraulic analogy by being the hydraulic head or fluid 
pressure. Voltage, or potential difference, is comparable to the pressure difference.  
Similarly, water flowing through pipes in a hydraulic system will lose or gain pressure by 
passing through its components. The voltage between the two poles of a battery may be 
compared to a hydraulic pump (potential gain), whereas the voltage between the two poles 
of a resistor (explained in section 2.4) may be compared to a hydraulic turbine (potential 
loss). Figure 4 illustrates voltage with the hydraulic analogy. In Figure 4a, the water in the 
tank represents the charge and the water head at the output represents voltage. Figure 4b 
shows how voltage is generated and lost along an electric circuit.  
  
(a) (b) 
Figure 4. Voltage explained with the hydraulic analogy: a) in a gravitational hydraulic system 
[30]; b) in a closed hydraulic circuit [31]. 
2.3. Current  
Electric current (𝐼) is defined as the flow rate of charges. The unit used to quantify current 
is the ampere (A), which is equivalent to the flow of one coulomb of charge per second 
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(1A = 1C. s−1), across a section. Current may be compared to the water flow in the 
hydraulic analogy. Thus, similarly to the conservation of liquid, the conservation of charge 
is applied to electric circuits by the Kirchoff’s Current Law (KCL), which states that the 
algebraic sum of all currents entering and exiting a node must equal zero. Current is 
directly proportional to voltage. Accordingly, the higher the voltage imposed in a circuit by 
a source (e.g., battery or power supply), i.e., the energy of the charges, the higher will be 
their flow rate. It is comprehensible if one associates that the higher the hydraulic pressure 
in a hydraulic circuit, the more fluid passes across a given section. This relation is 
explained by the Ohm’s law and the concept of electric resistance, detailed in the following 
section. Figure 5 illustrates current with the hydraulic analogy. In Figure 5a, the water in 
the tank represents the charge and the water flow represents the current. Narrower tubes, 
for instance, induce bigger resistance and lead to less flow, despite equal potentials. Figure 
5b shows the KCL principle of charge conservation. 
  
(a) (b) 
Figure 5. Current explained with the hydraulic analogy: a) in a gravitational hydraulic system 
[30]; b) in a closed hydraulic circuit [32]. 
2.4. Resistance 
Electrical resistance (𝑅) defines the tendency of certain elements (generally resistors) to 
oppose a flow of charge (current). As referred previously, Ohm's law states that, between 
two points, the current through a conductor is directly proportional to the voltage [33]. The 
electrical resistance of a conductor is the constant of proportionality and may be seen as 
the capacity to decrease the energy of the charges (voltage), per ampere. Resistance is 
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expressed in ohm () and is calculated according to Equation 1 (Ohm’s law) [34]. 𝑅 is the 
electrical resistance of the element in ohms, 𝑈 is the potential difference in volts and 𝐼 is 
the current in amperes. 
𝑅 =
𝑈
𝐼
 ( 1 ) 
The electrical resistance of an element depends on the material from which it is made and 
its geometry. Therefore, it is understandable that for the same material, the greater the 
length, the greater the electrical resistance. Furthermore, the smaller the cross section, the 
greater will be the electrical resistance because of the bigger difficulty of a current in 
passing through the element. The same occurs due to the intrinsic resistive property of the 
materials, the resistivity (𝜌). The greater is the resistivity of the constituent material, the 
greater will be the electrical resistance. Equation 2 defines the electrical resistance of an 
element, considering the resistive nature of the material (𝜌), the length (𝑙) and the cross-
sectional area (𝐴).  
𝑅 = 𝜌
𝑙
𝐴
 ( 2 ) 
In the hydraulic analogy, resistance to electric current is analogous to resistance to water 
flow, induced by a constriction in a water pipe, equivalent to a traditional electric resistor, 
obligating the water to lose pressure. This value is constant and independent of the voltage 
and current. Figure 6 compares electrical resistance with the hydraulic analogy and the 
influence of the geometrical parameters in resistive elements. 
 
 
 
(a)   (b) 
Figure 6. a) Resistance explained with the hydraulic analogy [32]. b) Influence of the 
geometrical parameters of an element in the electrical resistance (based on [35]). 
𝜌 𝜌 
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2.5. Resistivity and Conductivity 
As mentioned in the previous section, the electrical resistivity (𝜌) is the intrinsic property 
of a material to resist to a current flow. It is the parameter used to quantify the resistive and 
conductive capacity of materials. Given an element similar as seen in Figure 6b, the 
resistivity of an element may be determined by measuring voltage and current across the 
element and combining both Equations 1 and 2, obtaining the Equation 3. However, this 
relation is only valid for homogeneous and isotropic materials. The electrical conductivity 
(𝜎 is the inverse of the resistivity (Equation 4). The S.I. units of resistivity and 
conductivity are ohm meter (.m) and siemens per meter (S.m-1), respectively. 
𝜌 =
𝑈
𝐼
𝐴
𝑙
 ( 3 ) 
𝜎 =
1
𝜌
 ( 4 ) 
It is important to mention that resistivity and conductivity are highly influenced by 
temperature. Materials may suffer variations in electrical resistivity when subjected to 
temperature variation. These may be classified having positive temperature coefficient 
(PTC) or negative temperature coefficient (NTC). Traditional resistors, have positive 
temperature gradient, i.e., their resistance rises with the increase in temperature. PCSS, for 
instance, are an example of materials with NTC, as demonstrated by B. Han et al. [19] and 
further in the document, i.e., their resistance decreases with the temperature rise. 
2.6. Capacitance 
Capacitance (C) defines the ability of an component (e.g., capacitor) to store electric 
charge, thanks to a property of certain materials, the dielectricity. Dielectric materials are 
electrical insulators that can be polarized when subjected to an electric field. Electric 
charges do not flow through a dielectric material as they do in an electrical conductor, but 
only slightly shift from their average equilibrium positions causing dielectric polarization. 
Because of dielectric polarization, positive charges are displaced toward the field and 
negative charges shift in the opposite direction, due to the formation of dipoles. Therefore, 
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when a dielectric material is placed between charged plates, i.e. a capacitor, and subjected 
to a potential difference, the polarization of the medium produces an electric field opposing 
the field of the charges on the plate. A capacitor can thus be seen as a component which 
has the “capacity” to store charge, producing a potential difference across its plates (static 
voltage), similar to a small rechargeable battery. After the polarization, capacitors are 
considered “charged” and do not allow more charges to flow, working as open switches. 
Figure 7 illustrates a capacitor and the polarization phenomena. 
  
 (a) (b) 
Figure 7. a) Schematic representation of a capacitor [36]. b) Effect of polarization on capacitors 
induced by an electric field [37]. 
The intrinsic capacitance of an element is quantified in farad (F) and, similarly to 
resistivity, it is a function of its geometrical configuration, i.e. area of the plates (𝐴) and 
spacing between them (𝑙), and the permitivity (𝜀) of the dielectric material between the 
plates. The latter is the intrinsic property that characterizes the ability of a dielectric to 
reduce an electric filed. Capacitance is thus proportional to the area of the plates and 
inversely proportional to their spacing. Equation 5 defines capacitance in function of the 
physical properties of an element. C is the capacitance in farad, the dimensions 𝐴 and 𝑙 are 
in m
2
 and the permitivity 𝜀 of the dielectric is in F.m-1. 
𝐶 = 𝜀
𝐴
𝑙
 ( 5 ) 
Capacitance relates the charge stored per unit of voltage by the Equation 6. It is 
comprehensible, since more charge can be stored into a capacitor by forcing with a higher 
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voltage. In the hydraulic analogy, a capacitor works likewise a rubber diaphragm in a pipe 
or as a tank, able to store certain amounts of fluid, depending on the applied pressure.  
𝐶 =
𝑄
𝑉
 ( 6 ) 
 
Figure 8 associates capacitance with the hydraulic analogy. After t = 0, polarization 
begins, the capacitor starts charging and constrains exponentially the electric field. At its 
full capacity, the dielectric is polarized and does not allow charges to flow (𝐼 = 0). 
Similarly, by pumping in hydraulic circuits, the water flow rate decreases as the pressure in 
the membrane increases, until the membrane has no more capacity to accumulate water and 
the flow stops. 
Cement-based materials exhibit capacitance due to the dielectric nature of hydrated 
cement. Therefore, its understanding plays a very important role in the interpretation of the 
PCSS output and their working principle (see section 3.3.3 and 6.1.4). 
 
Figure 8. Capacitance (left) explained with the hydraulic analogy to a flexible membrane (right) 
[38, 39]. 
2.7. Power 
Electric power (𝑃) quantifies the rate at which work is generated, or consumed, between 
two points. In section 2.2, voltage was defined as being the work done by a coulomb of 
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charge between two points. Additionally, current was defined as the flow rate of charges in 
coulomb per second. The total work rate is thus calculated by multiplying voltage (work 
done per charge unit) with current (flow of charges per second) and is measured in watts 
(W), equivalent to J.s
-1
. Therefore, the power produced by a charge flow of 𝑄 coulomb 
every 𝑡 seconds, subjected to a voltage 𝑈 is defined by the Equation 7. 
𝑃 = 𝑈
𝑄
𝑡
= 𝑈𝐼 ( 7 ) 
In the hydraulic analogy, electric power is comparable to the hydraulic power of a flow, 
also called hydraulic horsepower. This term is commonly used in hydraulic power plants, 
which convert kinetic energy from water flows into electric energy by means of 
hydroelectric generators.  
 
 
  
Chapter 3 
Concept of Multifunctional Cement-
Based Composites 
 "I can't understand why people are frightened of new ideas. I'm frightened of the old ones." 
  John Cage 
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3. CONCEPT OF MULTIFUNCTIONAL CEMENT-BASED 
COMPOSITES 
Cement-based materials, e.g., concretes and mortars have been used for decades as 
conventional construction materials. Thanks to recent advances in nanotechnology, new 
outstanding functionalities may be added to these products. This chapter aims to bridge 
traditional concepts with new possible approaches for cement-based products, with special 
emphasis in pressure-sensitive concretes. After a brief historical contextualization, the 
notion of functional concrete is introduced and the operation mechanisms are explained. 
3.1. Cementitious Materials: From structural to smart applications  
Since the development of Portland cement, cement-based materials have been extensively 
used to the present thanks to their versatility in the construction sector. For instance, 
concrete (the main cement-derived product) is today the second most consumed item in the 
world after water [16]. The emergence of Portland cement dates back to the early 19
th
 
century [40] when the British Joseph Aspdin patented the material for the first time in 1824 
[41], after finding strong binding capacities upon hydration. The name derived from the 
similarities found between the “artificial stone”, obtained by mixing cement with water and 
aggregates (today called concrete or mortar), and the limestone from the British isle of 
Portland, extensively used as a building stone throughout the British Isles at that time. 
Since then, innumerable patents have been registered on further evolutions of the material 
[42]. 
Today, cement is used as a binder in a wide range of construction products, with particular 
emphasis on concretes and mortars. Both are based in similar compositions which 
essentially include Portland cement, aggregates and water, being mainly differentiated by 
the size of the aggregates (coarser in concrete). Cement-based products are generally 
considered two-phase materials, constituted by a cementitious matrix and aggregates. The 
matrix consists of a cement paste, resulting from the cement hydration, with the function to 
bind the aggregates together. Several additives and admixtures have been used in concretes 
with special requirements as early hardening, workability, compressive strength, durability, 
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abrasion resistance or colouring, for instance. Some examples are mineral products as 
pozzolanas, fly ash, slag or silica fume and synthetic as hardening accelerators, retarders 
and superplasticizers. 
In the last decades, many researchers have been focused in the development of cement-
based products capable of performing autonomous tasks without the need of external 
devices, the so-called multifunctional cement-based composites [19]. These smart 
composites are a new approach towards the efficient use of materials and the development 
of intelligent infrastructures, benefiting serviceability, safety, reliability, durability and 
thus, the environment. Such functionalities are obtained by adding specific admixtures in 
the compositions, resulting into functional cement matrixes, with rather complex multi-
phase and multi-scale structures. Figure 9 illustrates the macro- and micro-structure of a 
generic functional concrete [21]. Fillers are distributed in the cementitious matrix and form 
the functionalized network. The interface between both phases plays an extremely 
important role in the performance of composite, wherefore optimal dispersion of the fillers 
into the matrix is a key-factor, as explained further in the document. Besides the previously 
introduced pressure-sensitive composites, attentions have also been drawn to the 
development of concretes and mortars capable to auto-repair micro-cracks and self-heat, 
for instance. 
 
Figure 9. Schematic illustration of the structure of a multifunctional concrete [21].  
Pressure-sensitivity in concrete has been firstly addressed by D. Chung et al. [43]. The 
research group demonstrated that the addition of conductive fillers into conventional 
cement pastes could induce piezoresistivity, after observing linear changes in resistivity 
upon different external stimuli. This might allow concretes to perform functions 
conventionally reserved to conventional sensors in the structural health monitoring 
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discipline (SHM). Subsequently important efforts were made on their improvement, 
focusing mainly on SHM purposes (Figure 10a). Studies have reported successfully the 
evaluation of deformation, stress, force, vibration and damages [21]. Over recent years, 
piezoresistive cement-based composites have also spurred interest for traffic monitoring 
applications [11, 12, 25, 44, 45]. In 2009, B. Han et al. [11] reported the application of 
pressure-sensitive concrete for traffic monitoring. Figure 10b illustrates the monitoring 
concept with the application of functional concrete elements in the pavement surface.  
  
  (a)  (b) 
Figure 10. a) Experiments on a RC frame with embedded cementitious stress-sensitive elements. 
[46]. b) Application of functional concrete in pavement surfaces [12]. 
By adding conductive fillers, researchers also realized that concrete might generate 
resistive heating, by imposing an electric current across two embedded electrodes. This is 
sustained by Joule’s law and occurs due to the increase in electrical resistance. The concept 
was initially designed for road de-icing and improvement of winter travel safety on 
sections propitious of ice formation or snow accumulation. This would eliminate the need 
of salt and de-icing chemicals, which cause concrete damage and rebar corrosion. Back in 
1998, S. Yehia et al. [47] reported a thin conductive concrete overlay which could generate 
enough heat to prevent ice formation on a bridge deck. Figure 11 illustrates the 
construction and operation of the self-heating concrete pavement. Such concrete can also 
be applied in airports, in cold regions, to keep track and parking areas clean of ice and 
snow and avoid time consuming cleaning processes to guarantee the normal operation of 
infrastructures. 
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(a) (b) 
Figure 11. Self-heating concrete pavement [48]. a) Installation of the embedment of the 
electrodes and monitoring system. b) Operation of the pavement after a snow fall. 
One harmful property of concrete is the propitiousness to crack formation, consequence of 
limited tensile strength. This phenomenon induces carbonation and chloride penetration, 
leading to the corrosion of the reinforcement and subsequent decrease in the life-span of 
structures. Back in 1994, C. Dry et al. [49] proposed the first concrete capable of 
intrinsically repair micro-cracks, the so-called self-healing concrete. It relies on the 
addition of encapsulated polymer-based products which are released upon the formation of 
cracks due to thermal effects. Later, numerous studies emerged, based on bio-inspired 
approaches [50, 51]. In turn, the self-healing capacity is induced by mixing bacteria in the 
concrete. Initially immobilized, they are activated once water permeates into fresh cracks 
and start to precipitate calcium carbonate-based minerals (CaCO3), filling the interstitial 
voids. Figure 12 exemplifies the healing process of a crack after the formation of CaCO3. 
 
(a) (b) 
Figure 12. Evolution of a crack in a self-healing concrete sample before (a) and after 100 days 
under wet conditions (b), by the formation of CaCO3 minerals [52]. 
. 
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Although more discretely, energy-harvesting concrete has also been investigated. Studies 
demonstrated that concrete may harvest energy derived from external sources, e.g., 
mechanical, thermal and solar energy, which constitutes a big step towards more 
environmentally friendly and sustainable infrastructures. These may turn into distributed 
energy generators and support the next generation of electric transportation systems [19]. 
Harvesting mechanical energy is possible thanks to the piezoelectric properties that 
conductive concretes may show, i.e., the ability of materials to generate electric charge 
from applied stresses [53-55]. The harnessing of thermal energy is feasible and relies on a 
thermoelectric effect called Seebeck’s effect [56, 57]. By means of a specific set-up, it may 
convert vertical thermal gradients of a concrete slab into energy. More recently, a research 
group based in the University of Kassel claimed that concrete elements could harvest solar 
energy using specific coatings [58]. Experiments showed that conductive concrete-based 
elements allow to transform solar into electric energy, when treated with a multi-layered 
coating composed by titanium dioxide (TiO2), an organic currant juice-based liquid and a 
graphitic layer. Figure 13 illustrates the developed technology baptized “Dyscrete”. 
  
(a) (b) 
Figure 13. Fabrication process of solar energy harvesting concrete (Dyscrete) [58]. a) Currant 
juice layer and b) graphitic and TiO2 layers. 
3.2. Piezoresistive Effect: The principle behind pressure-sensitivity 
The term “piezo” is rooted from the term “piezin” from the ancient Greek and means “to 
press”. Therefore, piezoresistivity is defined by the ability of certain materials in changing 
their electrical resistivity when subjected to mechanical strain [17, 59, 60]. The discovery 
of piezoresistivity dates back to the 19
th
 century (1856), when the British mathematician 
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William Thomson discovered a change of resistance in copper and iron wires when 
elongated [61]. However, the term “piezoresistance” appeared scientifically reported only 
later in 1935 when John W. Cookson defined the term as the change in conductivity with 
stress [62]. The parameter that quantifies the piezoresistive ability of a material is usually 
defined as gauge factor (GF), also called “strain coefficient” or “strain sensitivity”. It is 
generally associated with the conventional piezoresistive extensometers (strain gauges) 
present in most commercial force/pressure/torque transducers (see Figure 14).  This 
parameter is originally defined by the quotient between the variation of the electrical 
resistance of a metallic filament and its deformation upon tension/compression along the 
main axis (Equation 8) [63]. It is important to distinguish piezoresistivity from 
piezoelectricity, since both are often mistaken. Although they share a similar root, they are 
related with two very different effects. The latter is related to the generation of electricity 
upon mechanical stimuli.  
  
(a) (b) 
Figure 14. Conventional piezoresistive extensometer: a) components and parameters [64]; 
b) example of application on a metallic element [65].   
 
𝐺𝐹 =  
Δ𝑅 𝑅 ⁄
Δ𝐿 𝐿⁄
 ( 8 ) 
Cement-based materials are a usually known as electrical and thermal insulators, due to 
their high resistivity, between 2.5×10
4
 to 3.5×10
4 m [66]. However, it may be reduced by 
the addition of conductive fillers, thereby undergoing an insulator-to-conductor transition. 
The resistivity of a conductive composite varies in accordance with the filler concentration 
in a very specific mode. Figure 15 shows the evolution of the electrical resistivity of a 
generic composite in accordance with the conductive filler concentration [21]. The curve is 
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composed by three different sections: the insulation zone (A), the percolation zone (B) and 
the conductive zone (C) [67, 68].  
 
Figure 15. Evolution of the electrical resistivity of a composite, along with the conductive filler 
concentration [21]. 
Composites undergo from insulators to semi-conductors and conductors at a critical level 
of filler addition wherein the conductivity is increased by several orders of magnitude, the 
so-called “percolation threshold” [21].  This is explained by the percolation theory [69]. 
Interestingly, it has been observed that near or below this threshold, compressive loadings 
may induce or increase the conductivity of composites. Several factors may be behind the 
increase in conductivity upon compression, e.g., the change of intrinsic resistance of 
conductive fillers [70], the change of bonding in the interface filler/matrix [71], the change 
of contacts between functional fillers [21] and the change in distance between adjacent 
conductive particles [72]. This is understandable if one considers that conductive interfaces 
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and associated percolation paths change with induced deformations. The closer the 
conductive particles get, the easier the current flow becomes, leading to the decrease of 
resistivity. In the elastic regime, this behaviour is completely reversible [73, 74], contrarly 
to the plastic regime and upon cracking for which an irreversible resistive component 
appears (see section 4.1.1). For instance, recent studies showed piezoresistive cement-
based composites with resistivity between 6×10
-2
 and 1.5×10
2
 m [70, 75-80], i.e., two to 
four orders of magnitude lower than the respective plain materials. 
In the insulation zone, the concentration of filler is lower than the percolation threshold, 
with large gaps between conductive particles, with no effective conduction paths. 
Therefore, composites show null or poor sensing property at this stage. In the percolation 
zone, the spacing between adjacent fillers decreases and the conductive particles start 
creating conductive paths, resulting into a sharp increase in conductivity of the composites. 
Consequently, compositions from this zone will show high piezoresistive sensitivity. In the 
conduction zone, the concentration of conductive particles is higher than the percolation 
threshold. The filler forms a continuous conductive structure and the conductive network 
becomes hard to change under loading. As a result, the composite will show more stable 
sensing properties, but lower sensitivity [21]. 
Usually, a low resistivity is favourable to the piezoresistive sensitivity, since it is helpful to 
increase the signal to noise ratio. However, high filler concentrations have the drawbacks 
of high costs and may lead to strength losses [72]. The right balance can be normally found 
near the percolation threshold. This is therefore a very important parameter to take into 
account in the design of piezoresistive composites. Some authors claimed that filler 
concentrations above the percolation threshold are beneficial to sense tensile stresses and 
those below the threshold are beneficial to sense compressive stresses [78, 81-83]. 
3.3. Mechanisms of Electrical Conduction in Composites  
The comprehension of the mechanisms of electrical conduction in composites is of utmost 
importance to understand the piezoresistive phenomena in PCSS. Several types of 
electrical conduction may occur across a composite, coexisting and interrelating with each 
other, according with the type of conductive filler, concentration, distribution in the matrix 
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and interface between the cement matrix and conductive filler. The complex electrical 
behaviour of conductive cementitious composites is due to two basic types of electrical 
conduction: the electronic conduction, divided into contacting and tunnelling conduction, 
and the ionic conduction [84]. The electronic conduction refers to the free movement of 
electrons throughout the conductive paths of the matrix and is the responsible for the 
pressure-sensitivity of cement composites. Ionic conduction is related with the movement 
of ions across the cementitious matrix and derives from its natural dielectric properties (see 
section 2.6). The phenomenon affects negatively the piezoresistive response of composites 
due to electrical polarization effects [84, 85]. Studies on PCSS conduction have allowed 
the development of complex constitutive models, capable of reproducing and predicting 
their electric behaviour. 
 Contacting conduction  3.3.1.
Contacting conduction occurs due to direct contact between the conductive particles of the 
network [21]. This is most likely to occur when using conductive fillers with high aspect 
ratio which increases the contact probability. This is the reason why particles with high 
aspect ratio require lower concentrations to attain similar conductivity levels, compared 
with botryoidal
1
 conductive fillers, for instance. 
 Tunnelling conduction 3.3.2.
Tunnelling conduction is associated with the transmission of electrons between the 
disconnected close enough filler particles [16]. Therefore, tunnelling conduction depends 
on the contact resistance between conductive and cementitious matrix phases. However, 
contact resistance is a rather complex parameter which depends on several factors, such as 
the intrinsic characteristics of the fillers, the inter-particle gaps and the conductivity of the 
matrix [25]. The gaps have a key role in the piezoresistive behaviour, since applied loads 
may lead to considerable changes on the thickness of the matrix between adjacent particles, 
thus decreasing the tunnelling resistance [72]. Figure 16 illustrates the tunnelling effect 
between conductive particles. This conduction type occurs for critical amounts of 
                                                 
1
 Structural configuration formed by the aggregation of spherical particles resembling a bunch of grapes. 
Development of a Multifunctional Carbon Black/Cement Composite for Traffic Monitoring 
 
30  
conductive fillers addition, i.e., mainly in composites near the percolation zone (see Figure 
15).   
  
(a) (b) 
Figure 16. a) Schematic diagram of the tunnelling conduction between two nanotubes particles 
[25]. b) Tunnelling effect in hybrid conductive admixtures [72]. 
 Ionic conduction 3.3.3.
Ionic conduction is associated with dielectric materials (see section 2.6) and arises from 
the motion of ions across the pore solution of hydrated cement [63]. The presence of free 
water into the pores leads to the dissolution of Ca
2+
 and OH
-
 ions from the hydration 
products of Portland cement, namely calcium silicate hydrate (C-S-H) and calcium 
hydroxide (Ca(OH)2). Studies demonstrate that ionic conduction prevails in composites 
with filler concentrations bellow the percolation threshold [16]. Such is detrimental to the 
stability of PCSS, since polarization increases the measured electrical resistance over time 
(analysed in section 6.1.4). 
3.4. Resistivity Measurement Methods and PCSS Configuration 
Section 3.2 defined the working principle of piezoresistive materials by the relation 
between variation of electrical resistivity and deformation. Therefore, methods must be 
implemented to quantify their resistivity. Its measurement is a common practice in the 
SHM discipline. Resistivity is frequently used to estimate the permeability to chlorides in 
reinforced concrete and thus monitor the corrosion of rebars. Metallic electrodes must be 
used to apply an electrical field across the element intended to measure. The voltage (𝑈) 
and current (𝐼) are registered, in order to apply the equation 3 (see section 2.5). However, 
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conventional corrosion monitoring uses generally external electrodes, whereas 
piezoresistive monitoring requires the use of embedded electrodes. Described below are 
the three main methods used to determine the resistivity in concrete. 
 Two-electrode method  3.4.1.
The two-electrode method has been widely used in laboratorial evaluation of concrete 
resistivity and remains the most common for PCSS studies, due to its ease of 
implementation. Two electrodes are used to apply an electric field across the element, 
which may be external plates or embedded grids. Figure 17a illustrates the application of 
the method in cubic concrete samples by using external electrodes and wet sponges to 
ensure good electrical transmission. Figure 17b shows how to implement the method in a 
PCSS specimen using embedded grids. The resistivity is calculated by the direct 
application of the equation 3 by measuring the voltage and current between both 
electrodes of area 𝐴 and spacing 𝑙. However, the application of this expression is not truly 
possible when using grids due to the ambiguous value of 𝐴 to adopt, as explained further in 
section 6.1.3.  
 
 
(a) (b) 
Figure 17. Two-electrode method. a) Evaluation of resistivity in a concrete sample using two 
external plate-like electrodes and wet sponges [86]; b)  Implementation of the method in PCSS 
using embedded grid-like electrodes [21]. 
 Four-electrode method 3.4.2.
This method relies on four embedded electrodes (foil- or grid-like), placed in the element 
during casting. It is based on the same principle as the two-electrode method and makes 
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use of the equation 3 as well. Here, an electric field is imposed through the outer 
electrodes, where the current 𝐼 is measured, and the voltage 𝑈 is taken between the inner 
electrodes. The area 𝐴 to consider is the embedded contact area of the electrodes and the 
spacing 𝑙 is the distance between inner electrodes. Figure 18 illustrates the method using 
two different types of electrodes.  
 
Figure 18. Four-electrode method. a) Implementation in PCSS using grid-like embedded 
electrodes [21]. b) Schematic illustration and laboratorial experiment in PCSS with four foil-like 
embedded electrodes [26]. 
B. Han et al. [80] claimed that the four-electrode method might be more precise than the 
two-electrode equivalent. It was proved that it may eliminate the contact resistance 
between the electrodes and the material, which introduces an error in the measured 
electrical resistance. Figure 19 represents the equivalent circuit diagram of both two- and 
four-electrode methods. The potential difference 𝑈 read by the two-electrode method 
includes the potential difference derived from the intrinsic resistance of the electrodes 
(𝑈𝐸), the potential difference due to the material (𝑈𝑅) and due to the contact resistance 
between the electrodes and the material (𝑈𝐶). By using the internal electrodes, only the 
resistance of the material itself (𝑈𝑅) is measured.   
 
Figure 19. Equivalent circuit diagrams of the two-electrode method (left) and four-electrode 
method (right) [80]. 
(b) 
(a) 
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 Wenner-derived four-electrode method 3.4.3.
The Wenner method was initially developed to measure the electrical resistivity of soils 
[87]. It is a critical factor to consider in the design of underground high voltage networks 
and electrical grounding systems, for instance. This method uses four stick-like electrodes, 
equidistantly placed in the soil (Figure 20a). An electric field is applied between the outer 
electrodes and the potential difference 𝑈 and current 𝐼 are registered as described in 
previous section. However, the resistivity is now calculated by Equation 9 (a stands for 
electrode spacing). 
𝜌 = 2𝜋𝑎
𝑈
𝐼
 ( 9 ) 
Wenner’s method was successfully adapted to measure the surface resistivity of concrete, 
initially for in-situ evaluations of the corrosion susceptibility of rebars. Here, four spring-
mounted pin electrodes are pressed against a concrete element and the surface resistivity is 
measured using the same equation (Figure 20b), following the recommendations of 
RILEM TC 154 – ECM [88].  
  
(a) (b) 
Figure 20. Wenner method: a) application in soils [89]; b) portable Wenner-based device for in 
situ resistivity measurement of concrete [90]. 
Despite measuring surface resistivity, relative variations in surface resistivity have been 
extrapolated to variations in bulk resistivity in numerous reports. Wenner’s method can 
also be used to monitor resistivity in PCSS, by installing four external conductive wire by 
means of a conductive adhesive, e.g., silver paint. The resistivity is calculated with 
Equation 9. Figure 21 illustrates the implementation of the method in PCSS specimens.  
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(a) (b) 
Figure 21. Implementation of the Wenner-derived method in PCSS: a) schematic setup [21]; 
b) laboratorial PCSS specimen [91].  
3.5. Conductive Admixtures and Fibres 
The piezoresistive effect is induced in cementitious materials by increasing their electrical 
conductivity via the addition of conductive fillers in the compositions. Numerous 
admixtures have been investigated for the purpose, mainly metallic and carbon-derived 
products. However, their incorporation in concrete, for instance, is not new. Several have 
been experimented, e.g., for mechanical reinforcement purposes [92]. Described below are 
the most relevant conductive admixtures, with special emphasis on carbon black, the 
selected conductive filler in this investigation. 
 Steel fibres 3.5.1.
Steel fibres (SF) were originally used in concrete as a reinforcing agent in high 
performance concrete. Made of conventional steel, they are low-cost and show high 
conductivity (Figure 22a). However, due to their large scale, they have low specific 
surfaces, leading to low interface contacts with the cementitious matrix and consequent 
poor piezoresistive response. Also, this makes difficult their homogenous dispersion into 
the matrix. Microfibres are alternatively available to use in PCSS (Figure 22b), but their 
susceptibility to corrosion may lead to instable piezoresistive response. With that said, 
researchers have gradually put SF apart and are today mostly focused on carbon-based 
products. 
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(a) (b) 
Figure 22. a) Conventional steel fibres for concrete reinforcement. b) Steel microfibres. 
 Carbon fibre 3.5.2.
Carbon fibres (CF) are microwires with diameters usually between 5 and 10m, 
constituted by carbon crystals parallelly aligned with the fibre axis (Figure 23a). Bulk 
fibres are usually used to build carbon sheets, similar to textiles. Their outstanding strength 
and lightweight properties make carbon the preferred material for high performance 
applications, e.g., automotive competition, aerospace and reinforcement of structures 
(Figure 23b). The tensile strength of carbon fibres sheets can reach 1000 MPa with 
Young’s modulus up to 1 TPa [93]. Additionally, CF are excellent electrical conductors, 
increasing the conductivity of concrete from low concentrations. CF was the first 
admixture experimented in PCSS studies [43]. Furthermore, they highly enhance concrete 
strength, fatigue, impact resistance and reduce cracking [94].  
  
(a)         (b) 
Figure 23. a) Bulk carbon fibres. b) Shear test on fibre reinforced beam after repair [95]. 
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 Carbon nanotubes 3.5.3.
First described  in 1991 [96], carbon nanotubes (CNT) are nanosized structures formed by 
single or multiple rolled sheets of graphene (two-dimensional carbon sheet [96]), 
commonly abbreviated as SWCNT (Single Wall Nanotube) or MWCNT (Multi Wall 
Nanotube), respectively (Figure 24a). Their lengths are generally up to 50 m, with 
diameters ranging from 1 to 200 nm [97]. The Young’s modulus of carbon nanotubes can 
reach 1 TPa [98] which, combined with their size and excellent electrical conductivity, 
gives them important roles in electronics, optics and development of new composite 
materials. However, in practice, perfect CNT are rather difficult to obtain and geometrical 
imperfections may reduce significantly their performance (Figure 24b). With the naked 
eye, CNT appears in the form of a black powder (Figure 24c). Carbon nanotubes have 
been intensively used in pressure sensitive composites. Nonetheless, their production cost 
is still a limitation in the scope of large scale applications.  
 
  
(a) (b) (c) 
Figure 24. a) Atomic structure of SWCNT (left) and MWCNT (right). b) SEM imaging of CNT 
[99]. c) CNT powder. 
 Carbon black 3.5.4.
Carbon black (CB) is a virtually pure elemental carbon in the form of colloidal particles 
produced by incomplete combustion or thermal decomposition of gaseous or liquid 
hydrocarbons under controlled conditions [100]. CB is one of the oldest manufactured 
materials. The modern use of CB can be traced back to ancient China over 3500 years ago, 
with the early “lamp blacks” used in the pigmentation of inks. However, the material was 
produced with large impurity levels and differed greatly in the chemical composition from 
current CB. A notable increased demand for carbon black was latter driven by the 
invention of the movable-type printing press by Gutenberg in mid-15
th
 century. In the 19
th
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century, carbon black started to be used as a reinforcement agent of natural rubber in the 
tire manufacturing to increase their longevity. The growing automotive industry drove the 
material until the modern age.  
CB is a granular material composed of primary particles of 10-100 nm (depending on the 
mechanism of formation) fused into chain-like aggregates (secondary structure) (Figure 
25a). The primary particles comprise graphitic and amorphous-like parts. They typically 
consist of 3–4 turbostratically2 stacked carbon polyaromatic layers, concentrically oriented 
around a more amorphous core [101]. Such arrangement is responsible for the 
characteristic onion-like nanostructure (Figure 25b). Due to their small size and high 
specific surface, aggregates are subjected to van der Waals forces and may lump together 
into larger agglomerates (see Figure 25a and Figure 25c). This is critical, once the 
homogenous dispersion of the particles into the matrix highly influences the mechanisms 
of charge carriers [78] and thus, the sensitivity of the PCSS. With the naked eye, CB 
appears in the form of a black powder (Figure 25d). Carbon black exists in two types, 
depending on the manufacturing process, namely furnace and thermal black, being furnace 
black the most common. This method is based on the partial combustion of petroleum or 
coal oil together with reactive gases at high temperature. The furnace approach is suitable 
for mass production due to its high yield and allows wide control of the CB properties such 
as particle size and structure, according to the final application. The structure of the carbon 
black defines the complexity of the material formation, i.e., how the primary particles are 
arranged into aggregates and agglomerates. For instance, a high structure CB means that 
the agglomerates form long and branched chains (ideal for application in conductive 
composites) while a low structure CB shows more imbricated particles (Figure 26).  
Today, CB is ubiquitous. The high specific surface area, small particle size, structure, 
conductivity, colouring capacity and low cost have turned this material carbon black into a 
vital component in the industry of, e.g., tires, rubbers, plastic products, printing ink and 
coatings. Approximately 90% of the production of CB is used in rubber-based goods, 9% 
as a pigment, and the remaining 1% as a key ingredient in many diverse applications [100]. 
Additionally, carbon black is also known to be the most reliable and cost-efficient material 
                                                 
2
 In a turbostratic manner, disordered. Refers to a crystal structure in which basal planes have slipped out of 
alignment. 
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for the production of electrically conductive plastic compounds intended for countless 
innovative final applications.  
 
Figure 25. a) Carbon black structure from the primary particle to the formation of agglomerates 
[100]. b) Sketch of a carbon primary particle [101]. c) SEM imaging of CB agglomerates [45]. d) 
Carbon black powder with different grades [102]. 
 
 
Figure 26. Types of carbon black structure [103]. 
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Carbon black has been generally considered by the scientific community as a non-toxic 
material [104]. It has been used for decades as colorant in the cosmetic industry and 
laboratorial experiments demonstrated lung issues only under excessive inhalation. Also, it 
is not water-soluble, which makes it unlikely to spread through groundwater, in case of 
some eventual release of particles due to material wearing.  
For all the above-mentioned aspects, CB has been also experimented in PCSS studies, as 
single conductive admixture or combined with other fillers, e.g., CF or CNT. Carbon black 
has demonstrated some advantages for PCSS applications when compared with other 
conductive additives [26, 27]. Top amongst these is the lower cost. This is a critical issue 
since large-scale implementation of sensitive composites in infrastructures will be 
impracticable if the costs of the conductive fillers are too high. Additionally, some studies 
claimed that CB-based PCSS have a more stable electrical behaviour [72, 78, 105, 106]. 
 
  
Chapter 4 
Literature Review on Piezoresistive 
Cementitious Materials 
“That is part of the beauty of all literature. You discover that your longings are universal longings, that 
you're not lonely and isolated from anyone. You belong.” 
 F. Scott Fitzgerald 
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4. LITERATURE REVIEW ON PIEZORESISTIVE CEMENTITIOUS 
MATERIALS 
As seen in section 3.1, piezoresistive cement-based sensors are one element of the very 
broad category of multifunctional concretes. More than 20 types of multifunctional 
concrete have been developed in the recent 30 years and more new types are still emerging 
towards the development of intelligent and sustainable materials [19]. Here, concrete 
means a material constituted by a binder (cement) and aggregates (fine or coarse). 
Researchers have carried out extensive investigations on design, fabrication methods and 
performance of multifunctional concretes.  
The first notion of piezoresistive concrete dates back to 1993 [43]. A group based in the 
University of Buffalo led by D. Chung developed several compositions loaded with small 
amounts of short carbon fibres and discovered that the electrical resistance varied linearly 
upon compressive stimuli. Besides the increase in conductivity and sensing ability, the 
addition of CF was found to enhance flexural and axial strength, freeze-thaw durability and 
decrease drying shrinkage. Later, subsequent studies focused on the ability of CF-based 
PCSS to perform fatigue and damage monitoring [79, 107] and on the optimization of the 
PCSS setup, in terms of electrodes disposition, to optimize piezoresistive sensitivity [43, 
62, 75, 76, 79, 80, 107-122]. Since 2006, nanocarbon particles started to be used as 
conductive filler and gave a notable “boost” to the development of multifunctional 
composites [20, 70, 76, 123]. G. Li et al. [70] experimented for the first time the pressure 
sensitivity of cement pastes using CNT filler. A distinct enhancement of the piezoresistive 
behaviour was reported from very low concentrations of filler, as well as the mechanical 
strength. Despite the advantages of CNT, these are usually rather expensive. This fact may 
highly affect the diffusion of such technology. On this basis, H. Li et al. investigated the 
effectiveness of carbon black as a conductive filler [78] and reported excellent linear 
piezoresistive responses, despite lower sensitivity levels, compared to CNT and CF-based 
composites. In the same scope, steel fibres were also experimented [77, 109, 121]. 
However, they have demonstrated poor long-term stability, due to their susceptibility of 
corrosion. Additionally, hybrid fillers were recently tested, e.g., CNT+CF [76], CNT+CB 
[108, 124] and CF+CB [124], trying to bring the benefits of each filler to the composites. 
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This chapter aims to provide a comprehensive literature review of the most relevant 
research and progress on the PCSS topic. Additionally, the information is synthesized in a 
tabular form in section 4.3. 
4.1. Laboratorial Experiments  
 Carbon fibre-based composites 4.1.1.
Carbon fibre was the first conductive filler used in stimuli sensitive cementitious 
composites. Since 1993, D. Chung and colleagues have greatly contributed to the advance 
of CF-based PCSS [125] with approaches ranging from stress/strain evaluation to damage 
and traffic monitoring [43, 62, 79, 108, 112-120, 126-129]. For instance, the team studied 
the ability of cement-based sensors in monitoring strain and damage using pastes with 
0.5% of CF by mass of cement and a four-electrodes configuration in 51×51×152 mm, 
under compressive and shear cyclic loads [79]. Figure 27 depicts the piezoresistive 
response of a PCSS specimen under compression and shear. Results showed irreversible 
fractional changes in resistivity (FCR) upon high strain, which could give information 
about damage in RC elements. 
  
(a) (b) 
Figure 27. Variation in resistivity (thick curves) vs.: a) longitudinal strain; b) transverse strain 
(thin curves) [79]. 
Later in 2007, B. Han et al. [80] also studied CF-based PCSS using paste specimens with 
filler concentrations of 3 vol.%. Compressive cyclic tests were performed on specimens 
equipped with two electrodes, considering two different fixing types (extremity pasted foils 
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and embedded meshes), with a view to compare both solutions in terms of piezoresistive 
effectiveness (Figure 28a). The plots in Figure 28b show the result of a compressive 
monotonic test, relating the variation in resistivity with the applied stress. Despite the 
lower stress sensitivity registered for the embedded mesh-based solution, the higher 
linearity provided demonstrates better suitability.  
  
 
 (a)                      (b) 
Figure 28. Illustration of the two-electrode method using pasted foils and embedded meshes. 
b) Monotonic compressive stress vs. resistivity variation of both electrode solutions [80]. 
In the same period, R. Chacko et al. [75] studied the influence of the electrode spacing in 
the performance of CF-based PCSS. A cement paste mixture was developed by adding CF 
in 5 vol.% and the two-electrode method was considered using coper foils and spacing of 
30 mm and 70 mm (Figure 29a and 29b). Figure 29c and 29b show the variation in 
resistivity under monotonic compressive loading until rupture. An electrode spacing of 
70 mm demonstrated clearly higher initial linearity and FCR. 
In 2011, R. Howser et al. [111] developed the first experimental study on a short RC 
column (~0.3×0.3×0.9 m) fully casted with a CF-based self-compacting concrete (SC).  
Previous experiments demonstrated more favorable piezoresistive behaviour in SC 
compared to conventional concrete [122]. Filler concentrations of 1 vol.% and embedded 
mesh-based four-electrode method were used. The columns were experimented under 
cyclic shear loads, maintaining a constant vertical load while a horizontal load was 
progressively applied. Figure 30a represents the electrodes configuration and the 
experimental setup. Figures 30b and 30c show the results of the piezoresistive shear 
experiments on plain and CF-based columns, respectively. Although visible variations in 
the electrical resistance took place during the experiments, no direct association with the 
loading could be established. 
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(a)         (b) 
 
 
(c)         (d) 
Figure 29. Specimens configuration: a) electrodes spacing of 30 mm; b) electrode spacing of 
70 mm. Resistivity vs. strain and stress from electrode spacing of: c) 30 mm and d) 70 mm [75]. 
 
 
 Carbon nanotube-based composites 4.1.2.
Carbon nanotubes were first experimented in cement pastes by G. Li et al. [70] in 2006. 
The piezoresistive response was studied in prismatic specimens (4×4×16 cm) with a CNT 
 
 
   
(a)       (b)          (c) 
Figure 30. a) Arrangement of the 4 electrodes and experimental setup.  Results of the shear 
experiments performed in the column using: b) plain concrete; c) CF-based concrete [111]. 
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concentration of 0.5% by cement mass, under compressive cyclic loads with amplitude of 
ca. 9 MPa. The four-electrode method was implemented with embedded copper foils 
spaced 40 mm (Figure 31a). The authors studied the effect of the CNT treatment by 
H2SO4 (sulfuric acid) on the dispersion effectiveness and piezoresistive response. Two 
diferent mixtures were considered: using untreated CNT (PCNT) and H2SO4 treated CNT 
(SPCNT). Figure 31b shows the variation in resistivity over time, registered for both 
approaches. The results demonstrated a pronounced piezoresistive response with excellent 
repeatability in both mixtures. Nevertheless, the H2SO4 treated CNT provided enhanced 
linearity and sensitivity (higher FCR amplitude). Furthermore, strength tests demonstrated 
higher compressive strength for the SPCNT-based mixtures. 
 
 
(a)             (b) 
Figure 31. a) CNT-based PCSS and compression setup. b) Variation of the resistivity over time 
for both mixtures [70]. 
Lately, a research team led by F. Ubertini based in the University of Perugia has been 
strongly contributing for the development of CNT-based PCSS. Besides the development 
of sensitive mixtures, their approach has also been based on finding methods for large-
scale production [123] and correction methods for the polarization effect [130], the main 
culprit for repeatability issues. 
Recently, the team studied MWCNT fillers in a comparative study between cement paste, 
mortar and concrete [131]. Filler concentrations ranging from 0 to 1.5% with respect to the 
mass of cement were used in 5.1 cm
3
 prismatic specimens (Figure 32a). The steady-state 
resistivity of each mixture was taken (Figure 32b) with a view to determine the 
percolation threshold and thus the most effective mixtures in terms of piezoresistivity (see 
section 3.2). The compositions with 0.75% of MWCNT were chosen due to their 
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proximity to the threshold. Figure 33 depicts the results obtained from the application of 
cyclic compressive loads with amplitudes of 2 kN, in terms of fractional resistivity 
variation, in concrete-, mortar-, and paste-like PCSS. The graphs demonstrate that all the 
typologies of mixtures exhibit strain sensing capabilities, with GF of ca. 80, 10 and 3 for 
concrete, mortar and paste, respectively. This is, curiously, the opposite as usually 
expected, with cement pastes showing the lower sensitivity. However, the high level of 
noise noticed in the concrete specimens revealed that the use of coarse aggregates is 
detrimental to the sensing accuracy. Despite good linearity, a visible resistivity drift 
occurred during the experiments, associated with a strong polarization effect. However, 
authors claimed that a correction may be easily done by using high pass filtering 
techniques.  
 
   
        (a)           (b)             (c) 
Figure 33. a) Results of the piezoresistive experiments in mixtures with 0.75% of MWCNT in: 
a) concrete; b) mortar; c) paste [131].  
The team has also been focused in the application of CNT-based PCSS for frequency 
monitoring [132-134]. Conductive cement paste specimens (4×4×16 cm) using 2 % of 
MWCNT by weight of cement were experimented using a universal testing frame. An 
  
(a)           (b) 
Figure 32. a)  Concrete samples with 1.5, 1.0, 0.75, 0.5, 0.25 and 0% of MWCNT. b) Electrical 
resistivity of the composites varying MWCNT concentration [131]. 
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average GF of 220 was obtained and the specimens showed decent piezoresistive response 
under cyclic compressive loading with amplitudes of ca. 2 MPa at frequencies as high as 
5Hz [132-134], although slight drifts again registered due to polarization.  
Later, the team implemented the above-described sensors in RC beams and monitored 
variations in electrical resistance due to vibrations induced by hammer impacts [133]. 
Figure 34a shows a time history plot of the resistance recorded from a PCSS placed at 
mid-span during the vibration test. The hammer impacts can be identified by the multiple 
peaks in the data. Once more, the polarization effect is clearly visible through the drift of 
the steady-state resistance over time. The latter was eliminated by filtering the low 
frequencies of the original signal through a high pass filter (Figure 34b). It is worth to 
mention that this method does not eliminate polarization but only hides it, contrarily to 
approaches using AC [84] or recently biphasic DC techniques [130].    
 Steel fibre-based composites 4.1.3.
Steel fillers were recently investigated by E. Toemete, et al. [121]. The purpose of the 
research was to evaluate the ability of PCSS in detecting cracks by using splitting tensile 
tests. Six different mixtures were designed; without SF and with 0.2, 0.5, 0.8, 1.0 and 1.5 
vol.% of 6 mm SF.  The four-electrode method was adopted by embedding copper meshes. 
Figure 35a depicts a cubic (5×5×5 cm) specimen after rupture and Figure 35b shows the 
result obtained from the 1.5 vol.% approach, in terms of resistance variation vs. 
deformation. A massive GF of 5195 was observed for this composition. However, this 
magnitude is hardly comparable to other experiments and must be analysed carefully due 
to the typology of the test. Also, the overall linearity was globally low and, curiously, 
tended to decrease with the SF concentration. 
  
    (a)       (b) 
Figure 34. Sensor output: a) before high-pass filtering; b) after high-pass filtering [133]. 
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The incorporation of SF in PCSS was also addressed by M. Sun et al. [77]. A conductive 
mixture was specially designed to meet strength criteria of high resistance concretes 
(HPC). Conductive cement paste specimens (4×4×16 cm) loaded with SF in amounts of 
0.5 wt.% were embedded in the centre of Ø20×80 cm short columns, casted with high 
resistance concrete. Specimens were sprayed with an epoxy-based coating and fine to 
prevent undesirable effects from moisture variation and enhance the adherence between 
PCSS and concrete. Figure 36 illustrates the SF-based high strength PCSS. Cyclic 
compressive loadings were carried out (Figure 36a) and revealed linearity until 45 MPa 
and repeatability impaired by a certain polarization effect.  Figure 36b shows the FCR vs. 
compressive strain resulting from a monotonic compressive test until rupture. An initial 
linear zone was identified until 45 MPa, associated to a GF of 278, followed by a quadratic 
(45-75 MPa) and linear zone (75-150 MPa). In addition, authors claimed that oven drying 
the specimens at 60°C increased the GF in 381%. 
 
  
(a)               (b) 
Figure 35. a) PCSS after splitting tensile test. b) Results of resistance vs. deformation from the 
tensile strain stress  for the specimen with 1.5 vol.% [121]. 
 
  
(a)  (b) (c) 
Figure 36. SF-based high strength PSCC: a) schematic view; b) before embedding; c) after 
rupture [77].   
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 Carbon black-based composites 4.1.4.
Carbon black has demonstrated several advantages in comparison with other conductive 
fillers [26, 27], mainly its cost-effectiveness. This is a critical issue since an eventual large-
scale implementation of PCSS will be unfeasible if the conductive filler used is too costly. 
Surprisingly, only a single relevant study was found in the literature, in which CB is used 
as single conductive admixture. 
In 2006, H. Li et al. [78] experimented carbon black nanoparticles as conductive filler in 
cement paste PCSS using concentrations between 5 and 25% by mass of binder. Small 
prismatic specimens (3×4×5 cm) were casted and the Wenner-derived four-electrode 
method was implemented (Figure 38a). The steady-state resistivity of each mixture was 
taken in order to determine the percolation threshold (Figure 38b). As expected, the 
resistivity decreases with the addition of carbon black and a pronounced slope indicates the 
percolation threshold between 12% and 20% of CB addition. Monotonic compressive tests 
were carried out (Figure 38c) and maximum variations in FRC of ca. 25% were registered 
in specimens with 15% of CB. Despite favourable results in terms of sensitivity and 
linearity, the necessary amounts of CB required are ca. 10 times higher compared to CNT 
fillers. 
Other studies encompassed carbon black filler in PCSS but only ambiguous results are 
showed [110, 135]. Thenceforth, CB has been exclusively used in hybrid conductive 
fillers. 
  
(a)           (b) 
Figure 37.  Piezoresistive experiments on the short column with embedded PCSS: a) cyclic test; 
b) monotonic test until the failure [77]. 
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(a)     (b)       (c) 
Figure 38. a) CB-based PCSS schema (numbers in mm). b) Resistivity as a function of the CB 
volumetric content. c) FCR vs. monotonic compressive load curves of the mixture containing CB 
concentration of 15% by mass of binder [78].   
 Hybrid filler-based composites 4.1.5.
Hybrid additives have been experimented with the aim to combine the advantages of each 
individual filler and create a conductive synergy effect that can proffer superior electrical 
conductivity and piezoresistivity.  
The combination of carbon fibres and carbon nanotubes was studied by F. Azhari et al. 
[76]. In their experiments, the team compared the performance of cement pastes using CF 
and CF/CNT fillers using the Wenner-derived 4-electrode method and compressive cyclic 
tests with amplitudes of 30 kN. The concentrations of CF and CNT were 15 and 1 vol.%, 
respectively. Figure 39a shows the PCSS specimens and the experimental setup. Figures 
39b and 39c depict the results of the cyclic tests for compositions using CF and CF/CNT 
fillers, respectively. The addition of the carbon nanoparticles visibly enhanced the 
piezoresistive behaviour in terms of repeatability, leading to a narrower scatter distribution 
of the plot in Figure 39c. However, the linearity remained rather low, with a short initial 
linear zone in the first 400 
S. Wen et al. [108] studied the partial replacement (as much as 50%) of CF by CB to 
reduce the cost of the conductive filler. The Wenner-derived 4-electrode method was used 
in small cubic specimens and compressive cyclic tests with amplitudes from 5 to 25 MPa 
were performed. The addition of CB diminished the piezoresistive effectiveness by 
lowering the gage factor in ca. one order of magnitude. However, it increased significantly 
the workability of the mixture and allowed lower fabrication costs. 
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In turn, B. Han et al. [124] investigated the combination of CF and CB in PCSS. In their 
approach, small cement paste specimens were casted and the 4-electrode method was 
adopted by using copper meshes (Figure 40a). The CF/CB ratio was unfortunately not 
provided by the authors. The piezoresistive behaviour was evaluated through cyclic 
compressive loads with amplitudes of 12kN (Figure 40b and 40b). A linear response and 
great strain sensitivity with a GF of ca. 227 were found. In comparison to plain CF-based 
PCSS (see section 4.1.1), the addition of CB demonstrated to enhance significantly the 
output signals, in terms of linearity and repeatability.  
   
(a) (b) (c) 
Figure 40. CF/CB PCSS specimen and his electrodes arrangement [124]. 
Later, the team combined CNT with CB in fine concrete compositions [72]. CNT and CB 
were considered in proportions of 40:60 and the hybrid filler was added to the mixtures in 
concentrations ranging from 0 to 3.12 vol.%. The sensitivity to strain stimuli was carried 
out by applying cyclic compressive loads on small prisms equipped with two mesh-type 
electrodes. Figure 41a depicts the experimental setup and shows the results of strain 
sensitivity (GF) obtained for each concentration of filler tested. A GF of 704 was found in 
   
(a)        (b)          (c) 
Figure 39. a) Implemented setup; b) and c) electrical resistivity variation after cyclic 
compressive tests in specimens wit 15% CF and 15% CF + 1% CNT, respectively [76]. 
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PCSS with filler concentration of 2.4 vol.% (Figure 41b). This is by far the highest strain 
sensitivity from compressive experiments reported in the literature. However, the strength 
associated to the mixture dropped ca. 40% relatively to the plain control sample, so results 
need to be analysed carefully. Figure 42a shows the resistivity changes upon stress 
variations of 8Mpa. Figure 42b demonstrates that linear response only occurs under 4 MPa 
and the large scatter distribution transduces a rather poor repeatability.  
    
(a)          (b) 
Figure 41. a) PCSS specimen and setup. b) Strain sensitivity of the composites under 
compressive loading [72]. 
 
More recently B. Han et al. extended the previous research to the study of cement pastes 
using the same hybrid filler proportions, in concentrations ranging from 0 to 3.85 vol.% 
[106].  SEM imaging of cement matrix shows well how both fillers complement each 
other, with the CTN connecting CB particles between the hydrated phases (Figure 43). 
  
(a) (b) 
Figure 42. Piezoresistive experiments of the mixture with 2.40 vol.% of conductive filler: a) 
fractional change in resistivity under compression cycles; b) relation between variation in 
resistivity and strain [106]. 
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Figure 44a depicts the results obtained in terms of maximum FCR for each mixture and 
the FCR-to-stress relation for the most sensitive composition found (3.38 vol.%). 
A maximum GF of 225 was obtained. This is interestingly less than obtained for the 
equivalent mortar-like compositions (704). Similar issues concerning repeatability and 
linearity above 4 MPa are visible. Both last CNT/CB approaches revealed that the loading 
rate has a quite relevant influence in the calculation of piezoresistive properties, lower load 
rates leading to higher gauge factors. 
       
Figure 43. a) SEM images of the hardened cementitious matrix of CB/CNT paste [106]. 
 
 
  
    (a)       (b) 
Figure 44. a) Relationship between maximum FCR amplitude and filler content under 
compressive cyclic loading. b) Relationship between FCR and compressive stress [106]. 
4.2. Experiments under real service conditions 
Despite the scientific advances in PCSS, they have been mostly studied by laboratorial 
experiments. Only a few experiments have addressed their application to real monitoring 
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situations, leaving a question mark on the effectiveness of their practical use. As 
previously referred, conductive additions are usually rather expensive. This makes their 
integration in entire concrete elements very costly. Consequently, most of the approaches 
have been focused on the incorporation of small sensitive PCSS specimens into the 
concrete elements. Furthermore, small embedded sensors are less susceptible to 
interferences and instabilities, e.g., from atmospheric conditions. A single experiment was 
found in the literature concerning the application of PCSS in SHM [136]. However, three 
approaches of the application of cement-based sensors for traffic monitoring applications 
were found, with quite promising outputs [11, 12, 25]. 
In 2006, J. Ou, et al. have developed small CF-based PCSS (7x5x5cm) [136], relying on 
the 4-electrode method and grid-like electrodes. Sensors were embedded into the girders
3
 
of the slabs of the Chongqing Guangyang Island bridge, in China (Figures 45a and 45b). 
Unfortunately, little information is provided about the outputs. Only results from 
monotonic experiments are shown for one of the sensors (Figure 45c). A large variation 
range was found for the resistance, however, with poor linearity and accuracy at low 
stresses. 
The application of sections of sensitive cement-based composites in concrete pavements 
has been studied through several experiments, performed in the road test facilities of the 
University of Minnesota Duluth. The purpose was to evaluate the ability of MWCNT-
based piezoresistive composites in monitoring dynamic traffic loads. In the first approach 
[11], conductive cement pastes were developed using MWCNT concentrations of 0.1% by 
cement mass. Figure 46 illustrates the structure of the specimens.  
                                                 
3
 Support beam used in construction. It is the main horizontal support of a structure which supports smaller 
elements. 
   
(a) (b)          (c) 
Figure 45. a) Embedded PCSS into the girders; b) location the sensors; c) results from a 
monotonic piezoresistive experiment [136]. 
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Figure 46. Self-sensing CNT/cement composite specimen and electrode setup [11].  
Impulsive dynamic experiments on the specimens were firstly performed in laboratory, as 
well as quasi-static compressive load cycles. A good sensing behaviour was registered, as 
shown in Figure 47 (ca. 250.MPa-1). Then, specimens were installed in the pavement, 
facing the surface, and their monitoring effectiveness upon real traffic was evaluated 
(Figure 48).  
  
           (a)            (b) 
Figure 47. Relationship between stress and electrical resistance of the sensitive composite: a) 
under compressive quasi-static cyclic loading; b) under impulsive loading [11].  
 
  
(a) (b) 
Figure 48. a) Application of the PCSS in pavement and b) vehicular loading experiment [11]. 
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The response of an embedded PCSS in terms of electrical resistance, upon vehicular 
loading at its surface is shown in Figure 49. A mid-size passenger vehicle (Figure 49a) 
and a van (Figure 49b) were used for experiments. The peaks in resistance are related with 
the passage of axles. The authors claimed that the fact of observing a single peak, instead 
of two (regarding the front and rear axle) was because the sensor designed was too small 
and therefore, it was not possible to pass over with both axles. It may be observed form 
Figures 47b and 49 that the resistance signal shows a rather slow recovering after the 
compressive impulses. This is possibly due to an associated high electrical capacitance (see 
section 2.6). This may also have contributed for the absence of the referred second peaks 
of resistance. 
  
           (a)           (b) 
Figure 49. Electrical resistance of the CNT-based PCSS under passage of: a) two middle size 
passenger vehicles; b) a mini-van [11]. 
Later, the above-described experiments were enhanced in terms of composition and 
installation setup [25]. The previously used cement paste is not very useful in real 
applications , so the follow-up study considered mortar-like composites by integrating fine 
aggregates in the CNT-based composition. CNT contents of 0.08 and 0.4 wt.% were tested, 
the latter showing more favourable results. Figure 50 shows the results of the compressive 
piezoresistive experiments. Despite a decrease in sensitivity (~80 vs 250.MPa-1), the 
signal showed an apparent faster response, compared with the cement pastes. To solve the 
above-described accuracy issue, PCSS were installed in a linear sensitive array, 
perpendicular to the traffic direction (Figure 51). Figure 52 shows the results from the 
PCSS array over vehicle passage, before and after signal filtering. Each peak indicates a 
passing vehicle. Despite pronounced resistance variations, the authors verified that the 
response did not show reliable repeatability upon similar loadings. Thus, they claimed that 
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such approach would be accurate for traffic detection or vehicular speed measuring but not 
as a weigh-in-motion tool, so further investigation is needed. 
  
           (a)              (b) 
Figure 50. Variation the electrical resistance of a PCSS specimen with 0.4 wt.% of CNT under 
compressive cycle: a) quasi-static cyclic loading; b) impulsive loading [25]. 
 
  
(a) (b) 
Figure 51. Road test of the self-sensing pavement: a) Placement of the cement-based sensor 
array; b) Overview of the experiments [25]. 
 
  
Figure 52. Vehicle detection results. Each peak indicates a passing vehicle [25]. 
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With the aim of exploring more suitable techniques in terms of field implementation, the 
same research group investigated the possibility to use long beam-shape sensitive elements 
with cast-in-place and pre-cast approaches [12]. A conductive fine concrete mixture with 
1% of CNT by mass of cement was used to build 160×23×10 cm specimens (Figure 53). 
Figure 54 shows the installation of the pre-cast and cast-in-place sensors. 
 
The traffic flow was simulated using a five-axle semi-trailer truck and a van. Figures 55 
and Figure 56 show the sensing results from both loading types, in function of a voltage 
output. The red arrows represent the moments when axles pressed the sensors. 
 
 
 
 
Figure 53. Configuration of the beam-shape PCSS [12]. 
 
Figure 54. Implementation of the cast-in-place (on the left) and the pre-cast (on the right) CNT-
based PCSS in the concrete test track [12].  
  
   (a)        (b) 
Figure 55. Detection of a truck passing at a speed of 32 km/h over: a) the cast-in-place sensor; b) 
the pre-cast sensor [12]. 
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       (a)          (b) 
Figure 56. Detection of a van passing at a speed of 32 km/h over: a) the cast-in-place sensor; 
b) the pre-cast sensor [12]. 
Based on the results above, authors concluded that the developed CNT-based PCSS beams 
could detect vehicles passage quite accurately but showed a rather low signal resolution 
compared to both previous approaches. 
4.3. Summary Information and Final Notes  
The present survey identified the most relevant research developed in the field of 
piezoresistive cement-based self-sensors and gathered common pertinent parameters in 
order to provide a concise overview of the state-of-the-science. Given the growing concern 
on monitoring of infrastructures, the interest in the development of sensitive concretes has 
been rising. Lately, carbon-based nanoparticles, mainly CNT and CB in single or hybrid 
configuration, has dramatically enhanced PCSS capabilities, so that a large range of 
promising monitoring applications may be addressed. Nevertheless, and despite 
considerable amount of experiments encountered, the response of PCSS has still 
demonstrated to be of difficult prediction, resulting in a wide range of accuracy levels, 
constantly associated with polarization phenomena. Also, even though numerous studies 
claimed for possible applications in traffic monitoring, only a few authors investigated the 
dynamic PCSS response under impulsive loads and only three studies were found to report 
the installation of PCSS in real traffic monitoring experiments (based on a single research 
project). Despite quite positive outputs, the sensors relied on costly CNT fillers and 
showed rather slow response time under impulse-like load monitoring.  
With that said, further effort must be undeniably put towards the development of reliable, 
stable and cost-effective PCSS solutions. Table 1 summarizes results from the main 
approaches found in the literature, in terms of composition and piezoresistive response. By 
observing the parameters encountered in each approach, one relevant conclusion may be 
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taken. Often PCSS associated to high GF are not the ones providing most favourable 
compromises in terms of signal stability, repeatability or linearity as can be seen in [78], 
[72], [131] and [1], so the PCSS response requires always a cautious analysis. The 
magnitude of the GF, for instance, does not define the accuracy of a PCSS on its own, as 
frequently associated. Linearity and repeatability play more important roles, since signal 
output can be easily amplified. 
Table 1. Summary data of the main PCSS piezoresistive tests found in literature.   
Filler Amount   
Mixture 
typology 
Electrodes 
Setup 
Electrodes 
Spacing 
(mm) 
Linearity Repeatability 
Max. FCR   
(%)  
GF 
Stress 
sensitivity 
(%/Mpa)
 
Ref. 
CF 
3 vol.% paste 
2 copper 
meshes 
40 
High   
- 18 - - 
[80] 
2 copper 
plates 
40 - 25 - - 
5 vol.% paste 
2 copper 
plates 
30 
Poor 
- 87 290 4.35 
[75] 
70 - 50 333 1.67 
0.5 c.m.% paste 
4 copper 
wires 
100 High High 4 332 - [79] 
15 c.m.% paste 
4 copper 
wires 
60 
High (until 
ℇ=0.0004) 
Poor 28 445 3.35 [76] 
- - 
4 steel 
meshes 
- High - 29 - 0.70 [136] 
0.71 c.m.% concrete 
4 steel 
meshes 
- Poor Poor - - - [111] 
SF 
18.9 c.m.% concrete 
4 steel 
meshes 
- Poor Poor 30 - - [111] 
0.5 vol.% paste 
4 steel 
meshes 
80 
High (until 
ℇ=0.0003) 
Medium 25 202 0.67  [77] 
0.2 vol.% 
paste 
4 copper 
meshes 
20 
- 
- 
- 10 
- [121] 
0.5 vol.% High 50 100 
0.8 vol.% Poor 58 5195 
1 vol.% High 2 95 
1.5 vol.% High 23 2589 
CNT 
Treated 
0.5 c.m.% 
paste 
4 copper 
plates 
40 
High 
High 
14 
- - [70] 
Untreated 
0.5 c.m.% 
Medium 10 
Treated 
0.1 wt% 
paste 
2 stainless 
meshes 
10 
Medium Medium 11 
- 
1.29 [20] 
Untreated 
0.1 wt% 
High High 1.6 0.26 [11] 
0.08 wt% 
mortar 
2 stainless 
meshes 
10 
Poor Poor 
- - 
40 .MPa-1 
[25] 
0.4 wt% High High 70 .MPa-1 
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Table 1. Summary data of the main CBSS piezoresistive tests found in literature (cont.). 
Filler Amount   
Mixture 
typology 
Electrodes 
Setup 
Electrodes 
Spacing 
(mm) 
Linearity Repeatability 
Max. FCR   
(%)  
GF 
Stress 
sensitivity 
(%/Mpa) 
Ref. 
CF 
(cont.) 
0.75 c.m.% 
Paste  
4 stainless 
meshes 
10 
Medium Medium 0.025 3 0.26 
[131] Mortar  High High 0.04 10 0.052 
Concrete  Poor Poor 0.02 80 0.26 
CB 
5 c.m.% 
paste 
4 copper 
meshes 
20 
Too noisy to be meaningful 
[78] 
10 c.m.% 
12 c.m.% 
15 c.m.% 
High High 
25 55 0.63 
20 c.m.% 18 38 - 
25 c.m.% 25 52 -  
5 c.m.% paste 
4 copper 
wires 
30 Poor Poor 20 11 0.33 [106] 
CF + 
CNT 
15% CF+ 1% 
CNT c.m. 
paste 
4 copper 
wires 
60 
High (until 
ℇ=0.0004) 
High 23 422 2.12 [76] 
CF + 
CB 
0.5% CF+ 
0.5% CB c.m. 
paste 
4 copper 
wires 
30 Poor High 15 11 0.33 [106]  
- paste 
4 copper 
meshes 
20 High High 27 227 1.35 [124] 
CB + 
CNT 
(60:40) 
0.39 vol.% 
mortar 
2 stainless 
meshes 
20 
Too noisy to be meaningful 
[72] 
0.77 vol.% High Medium 3.6 100 0.40 
1.52 vol.% High Poor 7 230 0.80 
2.40 vol.% Medium Medium 21 704 2.69 
3.12 vol.% Medium Medium 18 540 2.25 
0.3 vol.% 
paste 
2 stainless 
meshes 
10 
Medium Medium 0.4 4 0.04 
[106] 
0.59 vol.% Poor Poor 0.5 6 0.05 
1.18 vol.% Poor Poor 0.7 6 0.07 
1.74 vol.% Poor Poor 0.7 7 0.07 
2.28 vol.% High Medium 2.5 24 0.25 
2.84 vol.% 
High (until 
ℇ=0.0004) 
High 21 210 0.28 
3.38 vol.% 
High (until 
ℇ=0.0004) 
High 23 225 2.32 
3.85 vol.% 
High (until 
ℇ=0.0004) 
High 18 164 1.76 
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5. MATERIAL DESIGN 
As explained in section 3.2, finding the optimal proportion of conductive filler is of 
extreme importance to induce the piezoresistive effect in cementitious media. This chapter 
describes the first step of the present research. Carbon black particles were added in 
different proportions in cement-based compositions containing fine agregates. The purpose 
is to study the effect of the addition of CB on the mechanical and piezoresistive properties 
of the composites and evaluate in which amounts could carbon black be an effective 
conductive admixture. As stated previously, there is merely one relevant report in the 
literature [78] (see section 4.1.4), in which H. Li et al. used CB as a single conductive 
additive where PCSS specimens showed good piezoresistive behaviour. However, the 
latter was achieved for very high CB concentrations which is detrimental for the 
mechanical strength [26]. Therefore, these experiments are also an attempt to improve the 
previous results found by H. Li et al., by using lower CB loadings that can furthermore 
retain the mechanical strength of the composites. The experiments reported in the chapters 
below result from the improvement of a preliminary study [26] and constitute a scientific 
publication [137]. The manuscript can be found in Appendix C. Here, the experiments are 
documented in more detail.  
5.1. Materials and Methods 
 Materials  5.1.1.
The materials used to build the PCSS were Portland cement CEM II 32.5N (Cimpor), fine 
sand (<1 mm), high performance polycarboxylate polymer-based water reducing agent 
(Sika Viscocrete 20 HE) – known as superplasticizer (SP), carbon black type N330 (Orion 
Engineered Carbons) and copper foils with a thickness of 0.4 mm (which worked as 
electrodes). CB type N330 is a typical furnace black, commonly used in the rubber 
industry due to its good abrasion resistance. Figure 57 shows the particle size distribuition 
curve of the aggregates, following the specifications of the ASTM D6913. Selected 
physical properties of the materials are summarized in Table 2. 
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Figure 57. Particles size distribution of the fine sand. 
Additionally, the microstructure of the CB filler was studied by means of SEM imaging 
(Zeiss AG). Figure 58a confirms the granular structure described in section 3.5.4, with 
particle sizes ranging from 20 to 50 nm, fused into chain-like aggregates, which in turn 
form larger agglomerates (Figure 58b). 
Table 2. Characterization of the materials used in the experiments. 
Cement True / Bulk density (g/cm3) 3 / 1.30 
Sand True / Bulk density (g/cm3) 2.62 / 1.51 
SP 
Density (g/cm3) 1.08 
Solid fraction (%) 40 ± 2 
CB 
CB true / Bulk density (g/cm
3
) 1.8 ± 0.1 / 0.37 
Average particles diameter (nm) 120 
Specific Surface Area (m
2
/g) 76 
 
    
(a) (b) 
Figure 58. The as-received CB. a) Aggregates of primary particles and b) agglomerates. 
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 Specimens preparation 5.1.2.
The cement and aggregates were first added to the water and mixed for 5 min using a 
conventional mortar rotary mixer with a flat beater (Controls). The SP was then added, 
mixed for 3 min, followed by the CB addition and mixing (5 min). The mixtures were 
poured into oiled moulds and finally vibrated to ensure good compaction. Note that it is 
agreed that the homogeneous dispersion of the CB filler particles optimizes the electrical 
conduction of composites, particularly as the tunnelling effect is often the predominant 
mechanism for the transport of charge carriers [78]. Several dispersion techniques have 
been studied and are described in the literature [20, 123, 138-142]. Despite this, in this 
study, no attempts were made yet to optimise the dispersion of the CB particles and they 
were used as-received.  
Five diferent compositions were investigated (Table 3), wherein the CB filler loading was 
varied in percentage of the binder mass: without CB (CB0, this acted as the control 
sample), with 1, 4, 7 and 10% by binder mass (CB1, CB4, CB7 and CB10, respectively). 
For all compositions, the water/cement and cement/aggregate ratios were constant, at 1:2 in 
weight and 1:3 in volume, respectively. The water reducing agent was used in amounts 
from 0% to 2% of cement mass. This increased the amount of free water to ensure a correct 
cement hydration and maintained the material´s workability upon CB addition. In fact, the 
deficient hydration of cement is a known consequence of the addition of fine particles 
[143] due to their high adsorbtion capacity. The amount of SP in each composition was 
define in a view to meet a common workability value of the fresh mixtures using a 
conventional mortal flow table (ASTM C1437-15 ). A table flow between 120 and 125 mm 
was set.  
Table 3. Mix proportions of the five experimented compositions (kg/m
3
). 
Mix Cement Water Aggregates Carbon Black / (vol.%) SP  
CB0 447.8 223.9 1582.1 0 / (0) 0 
CB1 445.8 222.9 1574.9 4.5 / (0.26) 2.2 
CB4 440.7 220.3 1557.0 17.6 / (1.06) 6.6 
CB7 436.6 218.3 1542.5 30.6 / (1.88) 8.7 
CB10 431.7 215.8 1525.2 43.2 / (2.92) 13.0 
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Nine prismatic samples were considered (40x40x160 mm) for each composition and cured 
for 14, 28 and 120 days, at room temperature (20 °C), while exposed to a humidity level of 
>95%. Among the specimens, six of them were plain, used in tensile and compressive 
strength experiments. The remaining three had four embedded copper electrodes, in order 
to measure the electrical resistivity, as well as a strain gauge (one of them) to measure the 
axial deformation. Figure 59 depicts some details on the elaboration of the specimens. 
  
(a) (b) 
 
  
(c) (d) 
Figure 59. Details on the elaboration of the specimens: a) casting; b) copper foils electrodes; 
c) obtained prisms for two of the compositions; d) colour grading of the set of compositions. 
 Mechanical properties 5.1.3.
Conventional compressive and 3-point bending tests were carried out following the 
EN1015-11 standard [144], in order to quantify the compressive (𝜎𝑐) and tensile strength 
(𝜎𝑡) of the specimens. The compressive strength is obtained with the Equation 10 and was 
determined at 14, 28 and 120 days, whilst the tensile strength (Equation 11) was only 
determined at 14 and 28 days due to the number of available samples. Figures 60a and 
60b show how tensile and compressive strength tests are conducted, respectively. Figure 
60c shows the failure patterns upon compression. 
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𝜎𝑐 =
𝐹
𝑏𝑑
 ( 10 ) 
𝜎𝑡 =
3𝐹𝐿
2𝑏ℎ2
 ( 11 ) 
 
   
(a) (b) (c) 
Figure 60. Procedures for: a) tensile and b) compressive strength tests. c) Failure patterns upon 
compression (CB0 and CB4). 
 Piezoresistive testing 5.1.4.
After 120 days of curing, the specimens with the embedded electrodes were dried in an 
oven at 60°C for 2 days. This was to reduce the effect of moisture on the electrical 
conduction. After this drying step, resistivity measurements were carried out. These 
followed the four electrodes method (see section 3.4.2). The piezoresistivity of the PCSS 
was studied using cyclic loads, computing simultaneously the resistivity and the axial 
deformation of each specimen. The resistivity 𝜌𝑠(𝑡) is calculated as a function of time by 
using Equation 12, based on Equation 3. 
𝜌𝑠(𝑡) =
𝑈(𝑡)
𝐼(𝑡)
𝐴
𝑙
 ( 12 ) 
In Equation 12, 𝑈(𝑡) is the potential difference across the inner electrodes, 𝐼(𝑡) is the 
current measured between the outer electrodes, 𝐴 is the contact area between the electrodes 
and the material and 𝑙 is the spacing between the inner electrodes. The scheme in Figure 
61 further illustrates the resistivity measurement principle, along with the geometrical 
parameters, electrodes disposition and application of the unidirectional load employed.  
A Shimadzu press AG-IC, capable of applying loads up to 100 kN, was coupled to a data 
acquisition device (Data Taker DT80) and a DC power supply (Protek) through a 
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computer. First, a potential difference of 12 V was applied via the outer electrodes. The 
uniaxial compression was then applied in two steps: first, a 2 kN force was exerted along 
the major axis of the PCSS sample and maintained for 2 min until the resistivity stabilised; 
then, a cyclic load was applied at a rate of 250 N.s
-1
 with amplitudes of 15 kN, which led to 
stresses of 9.4 MPa. The resistivity variation was continuously monitored using the data 
acquisition device and the axial deformation was measured with a 25 mm, 120  strain 
gauge. The experiments were performed at room temperature, ~20 °C. Figure 62 shows 
the implemented setup. 
 
Figure 61. Representation of the resistivity measurement principle and the geometrical 
parameters of the PCSS. 
 
     
Figure 62.  Experimental set-up used in piezoresistivity experiments. The devices are numbered 
as 1-computer interface, 2-power supply, 3-data acquisition device, 4-press actuator and 5-PCSS 
sample. 
1 
2 
3 
5 4 
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In this piezoresistive analysis, three important parameters are used to characterize the 
sensitivity of PCSS. The first is the gauge factor (GF) which relates the variation in 
resistivity with deformation, defined by Equation 8 in section 3.2. The second is the 
previously referred fractional change in resistivity (FCR) which indicates the relative 
change in resistivity (𝜌𝑠) with time (Equation 13). Finally, the stress sensitivity which 
relates FCR with the axial stress (𝜎) and can be extracted as given in Equation 14.  
𝐹𝐶𝑅 =
𝜌𝑠(𝑡) − 𝜌𝑠,0
𝜌𝑠,0
 ( 13 ) 
𝑠𝑡𝑟𝑒𝑠𝑠 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦. =
𝐹𝐶𝑅
Δ𝜎
 ( 14 ) 
 Capillarity experiments  5.1.5.
In order to understand the permeability of the composites, a water absorption experiment 
was done for all the compositions, using prism halves and following the specifications of 
the EN1015-8 [145]. The specimens were dried in a ventilated oven at 60ºC until a 
constant mass was reached. The rupture face of each sample (obtained from mechanically 
breaking the prisms in two) was rectified using a diamond saw and then immersed in a tray 
with 5 mm of water. The water absorption coefficient, due to the capillarity action, was 
determined by monitoring the weight gain of each specimen during 80 minutes of 
immersion. 
5.2. Results and Discussion  
 Mechanical properties 5.2.1.
Figures 63a and 63b show the evolution of compressive and tensile strengths with 
increased curing time. Each point is defined by the resulting average of the experiment 
performed in 3 specimens. Figure 63c shows the Young’s modulus, calculated from strain 
vs. stress experiments, using the specimens cured for 120 days and equipped with strain 
gauges. These are tangent values, extracted from the strain vs. stress curves, once the 
linearity is attained, using approximately a range of 30 points, i.e. 30 s. Additionally, 
Table 4 summarizes the average mechanical strengths and Young’s modulus .  
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(a) 
 
(b) 
 
(c) 
Figure 63. Results of the ultimate strength tests carried for: a) compression and b) tension. c) 
Elastic modulus of the different composites taken after 120 days of curing. 
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Table 4. Average mechanical strengths and Young’s modulus of the experimented 
compositions (MPa). 
 Compressive Strength Tensile Strength Young’s Modulus 
 14 days 28 days 120 days 14 days 28 days 120 days 
CB0 10.6 13.6 15.2 3.7 3.7 16.27×10
3
 
CB1 12.0 14.0 16.8 3.6 3.8 18.00×10
3
 
CB4 11.3 16.5 17.4 4.1 4.3 22.99×10
3
 
CB7 12.7 15.4 17.0 4.3 4.2 13.29×10
3
 
CB10 9.4 14.3 14.4 3.2 3.8 14.18×10
3
 
Consistently, the compressive strength increases with curing time. This is expected as it 
results from the classical hydration process of Portland cement. Of interest, the maximum 
compressive strength was obtained for the CB4 sample with minimums obtained at both 
compositional extremes of the composite mixtures. This implies there is an optimal 
binder/filler ratio for best compressive strength of the PCSS, as seen in [72]. The increase 
of compressive strength from CB0 to CB4, at 28 and 120 days, confirms the mechanical 
reinforcement effect of the additive used. Interestingly, CB4 showed lower compressive 
strength than CB1 and CB7 at 14 days, contrary to what was seen at 28 and 120 days. Past 
the 4% threshold, these mechanical benefits start to wane as the material increasingly 
becomes more brittle (likely due to the overload of filler particles that prevents proper 
textural binding in the cement matrix). In fact, tests done with >10% of CB loading, in 
binder mass, revealed the presence of segregation and extremely low strength values (not 
shown). These observations are supported by the elastic modulus analysis. An increase in 
modulus was registered from CB0 to CB4 but, contrary to the results of the compressive 
and tensile strengths tests, the CB7 and CB10 specimens showed lower values than the 
control sample. CB4 was again the specimen showing the greatest value overall. Here, it 
should be mentioned that a non-optimal dispersion method of the filler may eventually 
contribute to the results. A better CB scattering could allow higher CB contents and, 
possibly, increase the strength achieved. One other important factor that should be 
considered is the water-binder ratio. Despite the use of a superplasticizer, the correct 
hydration of the cement may not have been attained, a point for further investigation in the 
future.  
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 Piezoresistive properties 5.2.2.
Only two samples showed piezoresistive behaviour, CB7 and CB10. Figures 64 and 65 
depict the FCR variations, under cyclic compressive loading, for CB7 and CB10, 
respectively. The plots in Figures 64a and 65 a show that the FCR is reversible as it 
decreases upon loading and increases upon unloading. This establishes a straightforward 
correlation between deformation and resistivity, as shown in Figures 64b and 65 b. Both 
samples showed good repeatability and global linearity. Interestingly, CB10 showed better 
precision, as demonstrated by the narrower scatter distribution and linearity, this despite 
the lower gage factor and sensitivity value. Looking at the CB7 results, it is possible to 
identify a slight hysteresis in the FCR values. Such can be the result of insufficient 
electrical stabilization before the loading cycles.  
Table 5 summarizes the electrical and piezoresistive properties of the entire set of samples. 
Looking at the values obtained, CB0, CB1 and CB4 have relatively large resistivity, which 
could explain the absence of piezoresistivity readings. The increased resistivity is possibly 
a result of the addition of superplasticizer, as previously claimed [146] (another likely 
contributing factor is the lower CB concentration combined with the mentioned non-
optimal filler dispersion). By contrast, CB7 and CB10 showed lower resistivity thereby 
enabling the measurement of piezoresistivity. The author believes this observation points 
to a threshold of maximum resistivity beyond which it is not possible to consider these 
composites for PCSS.  
Table 5. Initial electrical resistance (𝑅0) and calculated resistivity (𝜌0), maximum FCR, GF 
and sensitivity for the five composites tested.  
Mix R0 () 𝝆𝟎 (.m) 
max. FCR 
(%) 
GF 
Stress sensitivity 
(MPa
-1
) 
CB0 1.02×10
5
 ± 1.27×10
4
 1.53×10
3 
± 1.90×10
2
 - - - 
CB1 1.08×10
5 
± 6.51×10
3
 1.62×10
3 
± 9.77×10
1
 - - - 
CB4 1.24×10
5 
± 3.68×10
3
 1.85×10
3 
± 5.52×10
1
 - - - 
CB7 1.43×10
4 
± 4.90×10
2
 2.14×10
2 
± 7.34×10
0
 2.68 30.28 2.86×10
-3
 
CB10 3.02×10
2
 ± 2.88×10
1
 4.54×10
0 
±
 
0.43×10
0
 1.79 24.13 1.72×10
-3
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(a) 
 
(b) 
Figure 64. Results of the cyclic loading on CB7. a) FCR and strain vs. time; b) FCR vs. strain 
for the 10 cycles. 
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(a) 
 
(b) 
Figure 65. Results of the cyclic loading on CB10. a) FCR and strain vs. time; b) FCR vs. strain 
for the 10 cycles. 
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As referred above, there is only one reference where CB was used as the unique conductive 
additive for PCSS [78]. In this study, the authors observed piezoresistive behaviour from 
CB loadings in amounts of 15% of cement mass. The behaviour of the specimens with 
lower CB concentrations was considered too noisy to be meaningful. The present study 
demonstrates that CB can be used as a conductive additive for cement in much lower 
amounts. One reason for this discrepancy could be the type of CB used. In fact, there is a 
large range of CB materials available in the market and their properties depend highly on 
the purpose for which they were produced. The main characteristics that differentiate them 
are the size of the particles, the specific area and the so-called “structure”. For instance, CB 
particles with smaller size, higher surface area and higher structure provide higher 
conductivity. Therefore, piezoresistivity can be reached using lower CB fractions. 
Unfortunately, no information was provided regarding the type of CB used by the authors 
in [78]. The sensitivity values obtained for our CB7 specimen (see Table 5) are ca. 50% 
lower when compared with the figures provided for the 15% of Li et al. [78]. Remarkably, 
our CB7 uses 53% less CB filler but it still showed good linearity and repeatability levels. 
While the literature of CB as single PCSS additive is sparse, the incorporation of CF, CNT 
and hybrid solutions with CB have been widely studied (see section 4.3). Our maximum 
GF values are roughly one order of magnitude lower than those from CF-, CNT- and 
hybrid-based composites. Notwithstanding, a few points are worth mentioning. First, 
besides the GF value, signal definition and repeatability are key parameters to also take 
into account in PCSS. For instance, precision sensors such as strain gauges have GF values 
of only 2 but an extremely precise response. Second, the generality of the reports 
mentioned used cement pastes, i.e. without aggregate addition. Finally, CF and CNT 
particles more expensive than CB which is detrimental to the future application of PCSS. 
The results above are supported by the resistivity vs. conductive filler concentration. As 
explained in section 3.2 and illustrated by Figure 15, the piezoresistive effect occurs for 
filler concentrations bellow the percolation threshold.  Figure 66 illustrates the evolution 
of the electrical resistivity as a function of the conductive filler concentration. CB0, CB1 
and CB4 are located in the insulation zone, while CB7 and CB10 seem to appear in the 
percolation and conductive zone, respectively. This explains also the lower sensitivity of 
CB10, despite better stability.  
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Figure 66. Conductive filler concentration vs. electrical resistivity. 
 Capillarity transport properties  5.2.3.
Figure 67 depicts the capillarity coefficients values of the five compositions. The 
capillarity clearly decreases with the addition of CB making the filler effect well visible, 
eventually contributing to reduce the permeability in the PCSS. The registered capillarity 
for all the compositions with carbon black was similar, with a reduction of more than 50%, 
if compared with the capillarity of the control sample, CB0.  
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Figure 67. Capillarity coefficients of the 5 compositions. 
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Interestingly, CB7 had the lowest average capillarity coefficient but the error bar is larger, 
meaning that globally the results are similar from CB1 to CB10. The reduction of 
capillarity indicate that the composite pores were closed by the addition of CB, reinforcing 
the continuity of the microstructure and, thus, contributing to its increased electrical 
conductivity. 
5.3. Summary 
The experiments defined piezoresistive cement-based compositions and shed light on how 
the CB inclusion influences their mechanical and electrical properties.  It was observed that 
CB additions of up to 4% of cement mass are favourable to enhance mechanical 
performance, whilst amounts between 7 and 10% are more promising for sensing purposes. 
The results above imply that a balance of properties is necessary to obtain the best PCSS. 
There was not one composition that showed optimal properties across the mechanical, 
electrical and permeability tests. For the samples that showed piezoresistivity (CB7 and 
CB10), and apart from the Young’s modulus, CB7 showed better mechanical parameters 
and higher sensitivity. However, CB10 demonstrated slightly better linearity and 
repeatability, noticeable by the higher coefficient of determination (R
2
) and narrower 
scatter distribution, respectively (Figures 64 and 65). All things considered, CB7 can be 
taken as the best compromise as it retains satisfactory mechanical strength while providing 
reliable piezoresistive responses, low value of capilarity (traditionally related with the 
material durability) and lower concentration of CB.  
 
  
Chapter 6 
Material and Setup Optimization 
 
“It’s not that I’m so smart, it’s just that I stay with problems longer.”  
Albert Einstein 
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6. MATERIAL AND SETUP OPTIMIZATION  
The previous chapter reported the design of a cement-based piezoresistive compositions, 
based on carbon black addition. In this chapter, the previous findings are used to develop a 
sensitive cement composite to use in pavements, for traffic monitoring purposes, as 
introduced in section 3.1. This may be a promising alternative to traditional methods, by 
integrating PCSS prisms, or cast-in-place sections, in key locations of the pavement. This 
would not only allow the monitoring of vehicles flow density and speed but may also 
constitute a weight-in-motion tool to categorize the type of traffic in real-time [21]. That 
said, the concept was optimized in terms of preparation of the conductive mixture, 
electrode disposition and measurement setup. A specific prismatic slab-like shape was 
adopted for the specimens in order to be easily placed on the surface or underneath the 
wear layer of selected pavement sections. An adequate experimental testing procedure was 
implemented, considering quasi-static and impulsive uniaxial load cycles, with stress 
amplitudes resulting from typical traffic loads. Additionally, the influence of the 
temperature was investigated, since it highly influences the resistivity of materials and the 
associated sensitive response. Temperatures ranging from 15°C to 45°C are considered and 
the influence in several piezoresistive parameters is studied. 
Only three relevant reports were found in the literature, experimenting the application 
sensitive concrete for traffic monitoring application [78] (see section 4.2), in which 
B. Han et al. installed CNT-based PCSS facing the surface of a concrete pavement, 
integrated in an experimental test track. Despite good piezoresistive behaviour shown in 
preliminary laboratorial experiments upon low load rate cycles, high rate impulsive 
experiments showed a slow recovery of the resistance, compromising the performance of 
the sensor upon conventional traffic-type loads. Also, the use of carbon nanotubes is 
detrimental in terms of cost-effectiveness of the sensors. Therefore, these experiments are 
also an attempt to improve the previous results found by B. Han, by using a cost-effective 
mixture and setup that can provide accurate responses upon fast impulsive loads. Part of 
the experiments reported in the chapters bellow constitute a scientific publication [45]. The 
manuscript can be found in Appendix C. 
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6.1. Experimental details 
 Materials 6.1.1.
The materials used in this optimization study for the conductive mixture are roughly the 
same as used previously in the composition design (see section 5.1.1). However, there are 
some differences due to the fact that this study was performed in different facilities. For 
instance, the Portland cement used here is a CEM II 32.5R (Cemex AG), and the 
aggregates have a slightly finer overall distribuition (Figure 68), despite the same 
maximum grain size of 1mm. The carbon black remained similar, as well as the 
superplasticizer. Here, the foil-type electrodes were replaced by galvanized #6 meshes 
(opening of 4.2 mm), to ensure an optimized contact with the composite. Additionally, the 
carbon black and cured composite were characterized structurally and chemically by 
means of SEM (Scanning Electron Microscope), Raman and EDX (Energy Dispersive X-
Ray spectroscopy) analyzes (section 6.2.1). 
 
Figure 68. Particles size distribution of the fine sand. 
 PCSS preparation 6.1.2.
As referred, the mixture derives from the previous investigations [26, 27, 147] (section 
5.1.2), however, the composition and mixing method were optimized towards enhanced 
piezoresistive response. Here, a slightly lower cement-to-aggregate ratio was used, in an 
effort to improve the conductivity of the composite. The mixture reported contains 6.5% of 
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CB by mass of binder, corresponding to 1.91 vol.% (or 1.48 wt.%). The water-to-cement 
ratio is 0.6 in weight and the cement-to-aggregate ratio is 0.5 in bulk volume. The 
superplasticizer was added in 4% by mass of cement to maintain the workability (see 
section 5.1.2) [72]. Table 6 summarizes the mix proportions in kg/m
3
 of composite.  
Table 6. Mix proportions of the experimented composition (kg/m
3
).  
Cement Water Aggregates Carbon Black SP 
528.7 317.2 1225.8 34.4 21.1 
Given the natural tendency of the carbon particles to agglomerate (see section 3.5.4), this 
study adopted a specific dispersion method. The ultra-sonication of the nanoparticles in a 
solution of water and dispersant agent has been the most widely accepted method for its 
efficiency and ease to implement in larger scales [123]. The high frequency sonication 
enables the CB agglomerates to decouple into aggregates and spread uniformly over the 
matrix. The mixing method is as follows. An aqueous suspension was firstly obtained by 
stirring manually the water, the CB and half of the superplasticizer. Here, besides the role 
in the hydration process, the SP also acted as a dispersant agent and prevented CB from 
further agglomeration. The solution was then sonicated for 15 minutes, using a probe-type 
sonicator with a nominal frequency of 24 kHz and 200W of power (Hielscher Ultrasound 
Technology). During the sonication, the suspension was kept immersed in a bath of water 
to avoid evaporation by overheating. The cement was added and mixed for 5 minutes with 
a conventional mortar mixer equipped with a wired whisk (Controls), until a homogeneous 
paste was obtained. The sand was finally added and the overall mixed for an additional 5 
minutes. The fresh mixture was then poured into oiled moulds (100×100×60 mm), in 
which two mesh electrodes were placed with a spacing, 𝑙, of 4 cm, together with a central 
K-type thermocouple for temperature monitoring. This is done by previously building 
small structures, using thin polymer spacers, to guarantee the correct position of the 
electrodes. Three samples were considered. The specimens were finally vibrated to ensure 
a good compaction and were kept 4 days in moulds, sealed with a plastic film to avoid 
water evaporation. Such long time into the moulds is due to the slow hardening observed in 
preliminary experiments. This may be due to the increase in setting time
4
 caused by the 
                                                 
4
 Time at which cement paste loses its plasticity. 
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addition of CB. In fact, this behaviour has been often reported in mixtures with fine 
additives such as fly ash, silica fume or metakaolin [143]. Once demoulded, the specimens 
were cured in water for 28 days and finally dried in oven for 10 days at 50 ºC. The scope of 
the study did not encompass moisture influence. Hence, the specimens were coated with a 
thin layer of epoxy resin, in order to avoid possible variations in water content. Acrylic 
plates were installed in both faces of the specimens to prevent from any possible current 
passage to the press. Figure 69 shows some details of the preparation of the specimens.  
Figure 70 illustrates the fabrication process. 
   
(a) (b) (c) 
  
(d) (e) 
Figure 69. Details on the preparation of the specimens. a) Components of the mixture; b) 
sonication equipment; c) mesh-like electrodes; d) obtained prismatic PCSS; e) detail on the 
installed strain gages. 
 Testing methods 6.1.3.
The piezoresistive experiments were performed by applying quasi-static and impulsive 
cyclic uniaxial compressive loads and measuring simultaneously the deformation and the 
electrical resistance of the PCSS. The two-electrode method was chosen to measure the 
electrical resistance rather than the four-electrode method due to the better suitability, in 
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terms of implementation. The loads were applied by a universal testing frame, under force 
control, equipped with a 25 kN load cell and a thermal chamber (Josef Freundl). The 
specimens were powered across the electrodes using an analog power supply capable of 
45V DC (Hameg). The axial deformation was measured with 20 mm strain gauges (HBM), 
using a temperature compensated Wheatstone quarter bridge configuration, via a dummy 
gauge. The experiments were performed in a controlled climatic chamber at four different 
temperatures: 15, 25, 35 and 45°C. The electrical resistance, deformation and temperature 
were monitored with a universal data acquisition device HBM Quantum X MX840B, 
through a computer.  
Quasi-static and dynamic load cycles were considered, using low amplitudes, ranging from 
1 kN (0.1 MPa) to 20 kN (2 MPa), close to traffic-like contact pressures. With regard to the 
quasi-static experiments, two load cycles were considered. Loading type 1 (LT1) consisted 
of ten load-unload cycles with constant amplitudes of 20 kN (2 MPa) and loading type 2 
(LT2) consisted of six cycles with increasing amplitudes (1, 2, 5, 10, 15 and 20 kN), 
repeated five times. A constant rate of 1 kN.s
-1
 (0.1 MPa.s
-1
) was used in both loading 
types. Figure 71 illustrates the quasi-static loading functions.  
 
 Figure 70. Illustration of the PCSS fabrication process. 
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(a) 
 
(b) 
Figure 71. a) Loading type 1; b) loading type 2.  
Concerning the impulsive experiments, three load cycles were considered, using load rates 
up to 200 kN.s
-1
 (20 MPa.s
-1
), in order to simulate as close as possible the effect of the 
passage of traffic over the PCSS prisms. Loading type 3 (LT3) consisted of twenty load-
unload cycles with constant amplitudes of 20 kN (2 MPa). Loading type 4 (LT4) consisted 
of six cycles with crescent amplitudes (1, 2, 5, 10, 15 and 20 kN), repeated ten times. LT 5 
differs from LT4 in the loading order (5, 1, 15, 10, 2 and 20 kN). Figure 72 illustrates the 
adopted dynamic loading conditions. In both quasi-static and dynamic approaches, a 
conditioning load of 0.2 kN (0.02 MPa) was applied during 10 s before the cycles. The 
data was sampled at a frequency of 50 Hz.  
The scheme in Figure 73 depicts the electronic setup, along with the geometrical 
parameters of the PCSS, electrodes disposition and application of the load. Coaxial cable 
was used along all the circuit to prevent signal interferences from external noise sources. In 
generic terms and following the dispositions of section 3.4.1 concerning the two-electrode 
method, a potential difference 𝑈𝑠 is provided across the electrodes of area 𝐴 and the 
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current 𝐼 is measured. Figure 74 illustrates the experimental setup used in the 
piezoresistive experiments. 
 
(a) 
 
(b) 
 
(c) 
Figure 72. Considered load paths: a) Loading type 3; b) loading type 4; c) Loading type 5. 
Based on the setup of Figure 74 and the Equation 12, the resistivity 𝜌𝑠 of the sensors can 
be computed as a function of time through the Equation 15, per definition. 𝑅𝑠 stands for 
the electrical resistance between electrodes, 𝐼 for the current across the circuit, 𝑈𝑠 for the 
voltage between electrodes, 𝐴 is the electrode area and 𝑙 is the electrode spacing. 
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Figure 73. Representation of the adopted setup and geometrical parameters of the PCSS. 
 
  
Figure 74. Experimental set-up. The devices are numbered as 1-computer interface, 2-power 
supply, 3-data acquisition device, 4-press actuator and 5-PCSS sample. 
 
𝜌𝑠(𝑡) =
𝑈𝑠(𝑡)
𝐼(𝑡)
𝐴
𝑙
 ( 15 ) 
As the deformation of the sensors under compression is very small compared to the change 
in resistivity, the changes in 𝑙 can be neglected, as demonstrated by X. Yu et al. [25]. Thus, 
it can be concluded that the fractional change of electrical resistivity (Equation 13) is 
equivalent to the fractional change of electrical resistance (Equation 16).  This is more 
convenient, since the area 𝐴 that should be considered in Equation 15 is actually an 
ambiguous value between the PCSS cross sectional area and the contact area of the 
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electrodes. Per definition, 𝐴 stands for the contact area between electrodes and composite 
if external plates are used. By adopting internal mesh electrodes, the contact is not made in 
the whole cross-sectional area, due to the openings. However, it would be too conservative 
to consider 𝐴 as the contact area of the electrodes. This is because the electric field spreads 
partially over the PCSS cross-section during the transport of charges. 
𝐹𝐶𝑅 =
Δ𝜌𝑠
𝜌𝑠
≈  
Δ𝑅𝑠
𝑅𝑠
=
𝑅𝑠(𝑡) − 𝑅𝑠(𝑡0)
𝑅𝑠(𝑡0)
 ( 16 ) 
For more effective measurements, the acquisition of the resistance was based only on 
voltage signals. This has many advantages, such as higher precision, better practicability, 
the possibility to use voltage dedicated DAQs and thus, easier multi-channel acquisition. 
This is a critical issue if several PCSS have to be parallelly connected [80]. This is possible 
by the implementation of a voltage divider, using a known precision reference resistance 
𝑅𝑟 (3319 . The resistance of the specimen 𝑅𝑠 and the current 𝐼 are computed by 
measuring the potential differences from the power supply output 𝑈𝑝 and between 
electrodes 𝑈𝑠 to a common ground. Equation 17 shows how to determine 𝑅𝑠 based on 
fundamentals of electric circuits (see Chapter 2). Figure 73 illustrates the described 
electrical parameters. 
𝐼𝑠(𝑡) = 𝐼𝑟(𝑡)  ⇒  
𝑈𝑠(𝑡)
𝑅𝑠(𝑡)
=
𝑈𝑟(𝑡)
𝑅𝑟
=
𝑈𝑝(𝑡) − 𝑈𝑠(𝑡)
𝑅𝑟
 ⟺ 𝑅𝑠(𝑡) = 𝑅𝑟
𝑈𝑠(𝑡)
𝑈𝑝(𝑡) − 𝑈𝑠(𝑡)
 ( 17 ) 
 Dielectric effect 6.1.4.
Previous studies demonstrated that carbon nanoparticle-based cement composites have 
complex electrical characteristics, due to be their dielectric properties and the associated 
capacitance and polarization effect they exhibit [16, 84, 132, 134].  
As seen in sections 2.3 and 3.3.3, when an electric field is applied through a dielectric 
material, the result of this phenomenon is an electric field opposite to the applied one, due 
to the formation of dipoles. The result is an increase in electrical resistance over time until 
the PCSS reach a constant resistance. O. Galao et al. [91] suggested the use of a reference 
current, of certain intensity, in order to obtain a stable electrical resistance. Even though 
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this method goes against most procedures from literature in which the electric field is 
defined by a reference power supply output, it is more adequate. The current has the 
advantage of being constant along the circuit. Contrarily, the voltage is fractionally 
distributed along the components, depending on their resistance. Consequently, the power 
supply output voltage does not give information of how the PCSS are being powered, since 
the voltage between electrodes depends, e.g., on the PCSS configuration (cross-sectional 
area and electrode spacing) and on the reference resistance 𝑅𝑟 from the voltage divider. 
This may lead to the use of an inappropriate electric field, outside a stable threshold. 
Current vs. electric resistance analyses were performed before the piezoresistive 
experiments, with the aim to find a consistent working current. Figure 75 shows the 
variation of the electrical resistance (𝑅𝑠)  of sample 1 when subjected to different current 
intensities at 25°C. All the specimens exhibited similar behaviour. 𝑅𝑠 showed to be 
dependent on the current and tended to an asymptotical behaviour from 𝐼 ~ 0.5 mA. From 
this threshold,  𝑅𝑠 starts to be independent of the current and can be considered stable. 
Hence, it is important to use a value of current density within the asymptotical region. That 
being said, an initial output current of 2 mA was chosen to power up the PCSS. 
 
Figure 75. Representative resistance vs. current analysis (sample 1 at 25°C). 
Because of their above-mentioned electrical polarization and similarly to conventional 
capacitors, PCSS are able to store electric charges. This effect leads to a delay from the 
power-up until the PCSS reach a constant resistance, likewise the loading time of 
capacitors. Thus, the samples must be powered during a certain amount of time, in order to 
reach a stable resistance before the experiments. Figure 76 shows the evolution of the 
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resistance over time 𝑅𝑠,0(𝑡) of an unloaded PCSS (sample 1), after applying a current of 2 
mA, at 25°C. Higher currents lead to shorter loading times. However, they may originate 
resistive heating, caused by Joule’s effect and affect the behaviour of the PCSS. 
Immediately after their powering (0.02 s), the specimens reached ~50% of their final 
resistance, ~85% at 0.1 s, ~98% at 10 s and may be considered completely charged, or 
polarized, after 180 s. Similar behaviour was observed in the other specimens. 
 
Figure 76. Resistance evolution after powering vs. time, using a current of 2 mA (sample 1 at 
25°C). 
Some authors suggest modelling the electrical mechanism of PCSS by associating an 
equivalent capacitor 𝐶𝑠 (see Figure 73) in parallel with the equivalent resistor 𝑅𝑠 [148]. 
Figure 77 illustrates the equivalent electrical circuit and the model of the PCSS. 𝑰𝒔,𝑪(𝒕) is 
the charging current of 𝐶𝑠 and is defined by the theory of capacitors by an exponential 
function reaching a zero-asymptotic value over time, meaning the capacitor is fully 
charged (see fundamentals of capacitance in section 2.6). 
Equation 18 shows how the referred model considers the polarization effect on the 
evolution of the resistance of an unloaded PCSS, after powering, due to the charging-
capacitor effect. At t = 0 s, 𝐶𝑆 lowers exponentially the passage of the current 𝐼𝑠,𝐶(𝑡), 
originating the increase of resistance. The consideration of the capacitance effect is of 
extreme importance because it highly conditions the operation of PCSS upon high strain 
rates. As seen in section 4.2., for instance, variations in the electrical signal involve a 
posterior recovery time of the resistance. A fast recovering of the resistance is crucial for 
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accurate measurements, once axle loads may be spaced by few milliseconds. The same is 
less important when PCSS aim to monitor static loads (e.g. in SHM applications). 
 
Figure 77. Equivalent circuit and electrical model of the PCSS. 
 
𝑅𝑠,0(𝑡) =
𝑈𝑠
𝐼(𝑡)
    ⟺    𝑅𝑠,0(𝑡) =
𝑈𝑠
𝐼𝑠,𝑅 + 𝐼𝑠,𝐶(𝑡)
   ∧    lim
𝑡→∞
𝐼𝑠,𝐶(𝑡) = 0 ( 18 ) 
6.2. Results and discussion 
 Microstructure and chemical analysis 6.2.1.
The microstructure, composition and confirmation of CB presence in the composite 
specimens were studied. Figure 78 shows a SEM imaging of the microstructure of the 
CB/cement composite at 180 days, wherein the main elements are indicated. Two phases 
are easily identifiable, resulting from the hydration of the Portland cement: calcium silicate 
hydrate and calcium hydroxide. The first (commonly abbreviated as C-S-H) is the main 
reaction product from the hydration process and usually manifests under flakes or 
dendrites-like shapes. The second, also known as portlandite (Ca(OH)2 or CH), appears in 
cubic-like elements. Lastly, despite their rather small dimensions, carbon black particles 
are visible on the surfaces of the hydrated phases by observing the figure carefully.  
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Figure 78. SEM imaging of the morphology of the CB/cement composite at 180 days and 
identification of the main components. 
Raman spectroscopy was used to demonstrate the presence and structural integrity of CB 
in the composite and support the SEM analysis. With the assistance of an optical 
microscope, several locations in the CB (Figure 79) and composite (Figure 80) samples 
were selected and probed with Raman. 
The spectrum in Figure 81a belongs to the blank substrate (reference spectrum of Si/SiO2). 
The bands at 520 cm
-1
 and ~960 cm
-1
 are visible. The latter is the Si 2TO mode and tails 
into the spectral region of CB [101]. The spectra in Figures 81b and 81c demonstrate that, 
irrespective of the location probed, the material’s signature is similar in regard to the 
position of its bands (D-band
5
 at ~1350 cm
-1
 and G-band
5
 at 1580 cm
-1
). 
 
                                                 
5
Raman bands provide a structural fingerprint by which molecules can be identified. They correspond 
directly to a specific vibrational frequency of a bond within the molecule. The G band is associated with the 
presence of graphite and the D band indicates some disorder in the graphitic structure. 
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Figure 79. Photographs of the CB sample locations probed with Raman spectroscopy. 
 
       
Figure 80. Photographs of the CB/cement composite sample locations probed with Raman 
spectroscopy. 
 
    
(a) (b) (c) 
Figure 81. Raman spectra of a) Si/SiO2 blank substrate, b) and c) CB. 
In regard to the CB/cement composite, the probed locations signalled in Figure 80 
originated spectra equivalent to those of the CB. Within the same spectral region (1000-
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2000 cm
-1
), the typical bands of CB were identified. The average shape and relative 
intensity of the two bands in Figure 82 matches those of the pristine CB. This is evidence 
that, despite the diverse processing steps, the carbon material kept is structural integrity 
when mixed with cement. 
 
Figure 82. Raman spectra of the CB/cement composite. 
The identification of the chemical elements present in the CB/cement composite was 
performed with EDX. The spectrum in Figure 83 shows the presence of C, O, Mg, Al, Si 
and Ca. Apart from C, all other elements are found in Portland-type cement pastes [149]. 
This provides added evidence of the presence of CB in the matrix. 
 
Figure 83. EDX spectrum of the CB/cement composite and SEM imaging of the sample used. 
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 Mechanical properties 6.2.2.
Conventional compressive and 3-point bending tests were again carried out to quantify the 
compressive and tensile strength of the conductive composition, following the dispositions 
defined in section 5.1.3. Table 2 summarizes the average results obtained after 28 days of 
curing. Additionally, it shows the Young’s modulus extracted from the piezoresistive 
experiments at 25°C. This value considers the tangents to the curves of stress vs. strain of 
all the samples and both loading conditions. At least 100 points were considered.  
  
(a) (b) 
Figure 84. Strength experiments. (a) Samples used and (b) testing equipment. 
Table 7. Strength properties of the composites. 
Compressive Strength (MPa) Tensile Strength (MPa) Young’s modulus (GPa) 
18.82 ± 0.46 4.37 ± 0.37 14.88 ± 0.98 
The mechanical characteristics achieved were globally improved if compared with the 
results in section 5.2.1. The compressive strength, tensile strength and Young’s modulus 
were increased in 22.20%, 3.43% and 11.96%, respectively. Several factors may originate 
this, e.g., a better scattering of the nanoparticles in the cement matrix or the reduction of 
the aggregate-to-cement ratio. 
 Piezoresistive properties – quasi-static experiments 6.2.3.
An extensive amount of data was generated by the analyses, 24 piezoresistive experiments 
in total. Thus, only representative examples and statistical results are shown in this section. 
The entire experiments are fully documented in Appendix A.  
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Figure 85 shows the piezoresistive response of one of the specimens (sample 1) subjected 
to loading type 1 at 25°C. Figure 85a depicts the variation of FCR and strain over time. 
The FCR showed to be reversible upon loading and unloading, establishing a 
straightforward correlation between deformation and resistivity, as demonstrated by 
Figure 85b. Similarly, Figure 86 is related with loading type 2 and confirms the same 
results, meeting the previous findings. The remaining experiments showed similar 
behaviour, varying in terms of sensitivity parameters. They are shown in Figure A.1 and 
A.2 of Appendix A. Figure 87 shows the results of the whole set of experiments in terms 
of FCR vs. deformation. 
 
  (a) 
 
  (b) 
Figure 85. Results from LT1 in sample 1 at 25°C.  a) FCR and strain vs. time; b) FCR vs. strain. 
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    (a) 
 
 (b) 
Figure 86. Results from LT2 in sample 1 at 25°C.  a) FCR and strain vs. time; b) FCR vs. strain. 
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Figure 87. FCR vs. deformation for LT1 (left column) and LT2 (right column). 
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The plots in Figure 87 demonstrate good linearity and repeatability in all situations by 
linear and narrow scatter distributions. Nevertheless, it is possible to observe a slight 
hysteresis in some FCR curves (see also Figures A.1 and A.2), i.e., in certain cases, the 
resistivity of the specimens does not recover completely its initial value after unloading, 
growing linearly over time. The most evident case occurred in the sample 3. This 
hysteresis has been described previously in the literature and is generally associated with 
the polarization effect of the composites. Such can derive from an insufficient stabilization 
of the PCSS before the experiments or a long-term residual capacitor-charging effect (see 
section 6.1.4). The author opted not to correct the results given by the DAQ (by 
eliminating the polarization component) and shows the raw outputs. However, two 
procedures were reported by B. Han et al. [84] to remove the hysteresis from the FCR 
curves. The first suggests a post-treatment using a linear function to remove numerically 
the linear component associated with the polarization phenomena. The second proposes the 
use of AC voltage (alternating current) instead of DC voltage (direct current). Experiments 
[84] showed that AC voltage can eliminate the effect of capacitor charging, in carbon 
nanotube/cement composites. In electronics, when capacitors are subjected to DC voltage 
(constant), they charge, allowing the current to pass, until they reach their full capacity and 
block its passage, resembling a valve. However, they let AC voltage flow, because high 
alternating current frequencies do not grant enough time for the capacitor to charge, 
behaving as an open valve. Using this principle, the charging effect of the PCSS can be 
eliminated by AC voltage. It has the advantage of eliminating the need of a pre-powering 
time before the resistance reaches a stable value. Nevertheless, the electrical resistance 
cannot be directly measured. In fact, as illustrated in section 6.1.4 by Figure 76, the true 
resistance is only reached after the charging time, so only the instantaneous resistance is 
taken and it depends on the AC frequency used. In theory, the higher is the frequency, the 
more effective is the elimination of the polarization effect but the lower is the measured 
resistance. Another disadvantage of the AC method is the noticeable increase of signal’s 
noise [84]. Additionally, a recent approach was developed by A. Downey et al. [130], 
relying on a biphasic DC supply. The technique provided consistent and stable long-term 
results by continuously charging and discharging the self-sensing material, therefore 
avoiding continuous polarization effect. A periodic measure/discharge square voltage wave 
is applied with alternated positive and negative voltage, in which measurements are made 
6. Material and Setup Optimization 
 
105 
during the measurement region of the wave (positive voltage) and the material is 
depolarized during discharge region (negative voltage). 
In Figures 87, A.1 and A.2, it is noticeable a clear decrease of the FCR amplitudes with 
the temperature growth, resulting in lower piezoresistive sensitivity. However, the 
specimens maintained the linearity and repeatability. In Figure 88, the results were put 
together to analyse statistically the effect of the temperature variation in the piezoresistive 
parameters. The column charts show the average value obtained among the samples, along 
with the respective error bars. At first glance, the resistance (Figure 88a) exhibited a clear 
dependence on the temperature below 25°C, with an accentuated increase at 15°C. Above 
25°C, the resistance decreases slightly over the temperature rise. Similar overall values of 
maximum FCR (Figure 88b) were registered for 15°C and 25°C, tending however to be 
slightly bigger at 25°C, followed by a linear decrease from 25°C to 45°C. This goes 
towards the results found B. Han et al. [105], in which CF/CB composites were 
experimented between -30°C and 50°C and the maximum  value of FCR was reached at 
30°. The GF (Figures 88c and 88d) shows a linear decrease from 15°C to 35°C with a 
more accentuated drop from 35°C to 45°C. The average GF value ranged roughly from 60 
to 40, i.e., approximately the double compared to the previous experiments. The stress 
sensitivity (Figures 88e and 88f) variation follows the FCR tendency with similar values at 
15°C and 25°C, followed by a linear decrease from 25°C to 45°C. The average sensitivity 
at 25°C is 32% bigger than found previously (see Table 5). Given the obtained results, a 
noticeable decline of the piezoresistive properties may be concluded due to the rise in 
temperature, by a non-linear decrease of ca. 30%. However, the linearity and repeatability 
were not affected. Interestingly, the piezoresistive parameters calculated by the loading 
type 2 demonstrated lower average values.  
The values obtained for the error of the mean also worth a note. Despite a special attention 
in the preparation of the PCSS, the samples exhibited some discrepancies between each 
other. At 25°C, relatively high errors of ca. 12% and 20% were found for the resistance 
and piezoresistive parameters, respectively. Concerning the resistance, such variations may 
be due to the heterogeneity of the PCSS structure. Rather than an eventual non-optimal 
dispersion of the conductive filler, we believe that the use of aggregates significantly 
contributed to the inconsistencies encountered  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 88. Average results from both loading types LT1 and LT2. a) Electrical resistance at the 
beginning of the experiments; b) maximum fractional change in resistivity registered; c) gauge 
factor; d) stress sensitivity; e) stress sensitivity to FCR; f) stress sensitivity to voltage. 
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Most works found in the literature, report the study of cement pastes, which intrinsically 
have better homogeneity and, consequently, reproducibility. Regarding the piezoresistive 
parameters, a study from Wen et al. [108] could support the wide distribution of results. 
Hybrid CF/CB-based cement pastes were experimented under stress amplitudes ranging 
from 5 to 25 MPa. The magnitudes of the deviations between specimens, showed 
dependency on the amplitudes of the stimuli. The lower stress led to an error ca. three 
times superior, compared with the higher stress. The low stresses used in our experiments 
may explain the large distribution of results. For instance, high resistance errors of ca. 
15%, were also found in the referred study for cement pastes containing 2% of CB by mass 
of cement. 
 Piezoresistive properties – dynamic experiments 6.2.4.
Similarly to the quasi-static experiment, the analyses generated an extensive amount of 
data, 36 piezoresistive experiments in total. Thus, only brief examples and the statistical 
results are again shown in the document. The entire experiments are, however, fully 
documented in Appendix B. 
Figure 89 shows the piezoresistive response of one of the specimens (sample 1), subjected 
to loading type 3 at 25°C. Figure 89a depicts the variation of FCR and strain over time 
during the full experiment. Again, the FCR showed to be reversible upon loading and 
unloading, establishing a straightforward correlation between deformation and resistivity, 
as Figure 89b demonstrates. Similarly, Figures 90 and 91 are related with loading type 4 
and 5, respectively, and confirm that the response of the composite to compressive stress 
remains linear under alternating impulsive loading. The remaining experiments, carried out 
at temperatures between 15ºC and 45ºC, presented similar behaviour, varying in terms of 
sensitivity parameters. They are shown in Figures B.1.-B.9. in Appendix B. Figure 92 
shows the results of the whole set of experiments in terms of FCR vs. deformation.  
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 (a) 
 
 (b) 
Figure 89. Results from LT3 in sample 1 at 25°C. a) FCR and strain vs. time; b) FCR vs. strain. 
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 (a) 
 
(b) 
Figure 90. Results from LT4 in sample 1 at 25°C. a) FCR and strain vs. time; b) FCR vs. strain. 
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 (a) 
 
(b) 
Figure 91. Results from LT5 in sample 1 at 25°C. a) FCR and strain vs. time; b) FCR vs. strain. 
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Figure 92. Results of FCR vs. deformation for LT3, LT4 and LT5 (respectively, from left to right). 
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The plots in Appendix B demonstrate excellent linearity and repeatability in all situations 
by linear and narrow scatter distributions. However, it is noticeable a clear decrease of the 
FCR amplitudes with the temperature growth, resulting into lower piezoresistive 
sensitivity. Nevertheless, the specimens maintained the linearity and repeatability. It is 
worth noting that the FCR signal follows closely the variation of stress/deformation, 
without showing any capacitive delay at recovering upon unloading. This means that the 
equivalent capacitance exhibited by the PCSS is low enough to allow the monitoring of 
impulsive stimuli. Only relevant similar approaches were found in literature wherein CNT-
based compositions are considered and experimented under traffic-like loading conditions 
(see section 4.2.). Despite the good sensitivity registered, results showed a rather slow 
recovery rate of the electrical resistance signal which might pose a problem at high 
frequency loadings.  
In Figure 93, the results are put together to analyse statistically the effect of the 
temperature variation on the piezoresistive parameters. The column charts show the 
average values obtained among the samples, along with the respective error bars. The 
results go toward the outcomes from the quasi-static loading experiments. However, the 
overall parameters were found to be ca. 10% lower. This might be due to a hypothetical 
dynamic “delay” in the resistance variation, associated with the high strain rates. At first 
glance, the resistance (Figure 93a) exhibited a clear dependence on the temperature bellow 
25°C, with an accentuated increase at 15°C. Above 25°C, the resistance decreases slightly 
over the temperature rise. Similar overall values of maximum FCR (Figure 93b) were 
registered for 15°C and 25°C, although slightly higher at 25°C, followed by a linear 
decrease from 25°C to 45°C. The GF (Figure 93c) showed a slight decrease from 15°C to 
25°C followed by a more accentuated drop to 45°C. The stress sensitivity (Figure 93e) 
follows the FCR tendency, showing a maximum value at 25°C followed by a linear 
decrease. Additionally, the strain and stress sensitivity are shown in terms of voltage 
output in Figures 93d and 93f, respectively. However, voltage amplifiers can be used, in 
order to generate signals in a different range, if required.  A noticeable decline of the 
global piezoresistive properties may be concluded due to the rise in temperature, by a non-
linear decrease of ca. 27%. However, the linearity and repeatability were not affected. As 
observed in the previous section, the error of the parameters associated to the several 
samples is rather high. Analogous interpretations can be taken. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 93. Average results from LT1, LT2 and LT3. a) Electrical resistance at the beginning of the 
experiment; b) maximum fractional change in resistivity registered; c) gauge factor; d) strain 
sensitivity to voltage; e) stress sensitivity to FCR; f) stress sensitivity to voltage.  
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This study is the first dealing with CB/cement composites under impulsive load conditions. 
In the above-referred CNT-based approach, similar experiments lead to a stress sensitivity 
of ca. 3.1×10
-3
 MPa
-1
. This value is in line with our findings (ca. 2.9 MPa
-1
 at 25°C). 
However, the present approach benefits from using a more cost-effective composition.  
6.3. Summary 
This chapter reported the optimization study of the CB-based PCSS approach, based on the 
findings of Chapter 5. The purpose was to develop a self-sensitive material suitable for 
traffic monitoring applications. The composition was optimized in terms of strength and 
sensitivity, the setup was improved and complex dielectric phenomena were interpreted. In 
contrast to other PCSS studies, a relevant specimen format for embedding in pavements 
was considered, as well as the experimented load ranges and load configurations. Stresses 
up to 2 MPa were used to characterize the composite using quasi-static and impulsive 
traffic-like load cycles. Results demonstrate a reproducible behaviour with average GF 
ranging from 40 to 60. While heating the specimens to 45°C led to a decrease in sensitivity 
of about 30%, their linear response to applied stress was not affected. Taken together, the 
performance of the composite is in the range of similar investigations that make use of 
more expensive fillers, but we achieve a more stable and reactive response. 
  
Chapter 7 
Additional Experiments and 
Challenges  
 
 
 "I am looking for a lot of people who have an infinite capacity to not know what can't be done." 
 Henry Ford 
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7. ADDITIONAL EXPERIMENTS AND CHALLENGES  
The previous chapters reported the ability of novel piezoresistive cementitious composites 
in sensing strain. However, it has been seen that the stability of their output signal may be 
affected by several factors. This chapter describes additional experiments and discusses 
correction methods and critical aspects to consider towards operation improvements.  
7.1. Polarization Effect  
It has been shown along the document that the use of DC current induces an inherent time-
based resistance drift associated to the polarization effect. With a view to avoid 
polarization, several methods have been experienced based on the adoption of non-constant 
currents, as introduced in section 6.1.4. AC methods have been tested [84] in an attempt to 
eliminate the drift caused by constant current by sinusoidally charging and discharging the 
PCSS. However, they have demonstrated that they are not immune to drift. Alternatively, 
A. Downey et al. [130] investigated a promising method using biphasic DC supply. The 
method prevents the polarization by continuously charging and discharging the self-
sensing material with a DC square wave and alternating positive and negative voltage. 
Sampling are made during the measurement region of the wave (positive voltage) and the 
material is depolarized during discharge region (negative voltage). Constant resistances 
were obtained with values depending on the frequency of the wave alternation. Figure 94a 
illustrates an example of biphasic signal with a frequency of 1 Hz and a 50% duty cycle
6
. 
The samples are taken when 80% of the measurement region is elapsed. Figure 94b shows 
a time-based comparison between traditional DC resistance and the biphasic approach 
considering different frequencies. Lower frequencies are naturally related to higher 
resistance because the material charges for a longer period of time. The polarization effect 
is clearly eliminated but higher frequencies phase alternation led to rather high noise. The 
reason for this was mainly associated with mains interference
7
 since the noise showed a 
                                                 
6
 Time fraction of one period in which a signal or system is active (measurement region), commonly 
expressed as a percentage or a ratio. A period is the time the signal takes to complete an on-and-off cycle. 
7
 Noise associated with alternating current at the frequency of the electric power grid. In Europe, the AC 
frequency is 50 Hz. 
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frequency of 50 Hz (European power line frequency), allowing it to be easily filtered. 
Filtering methods are introduced in section 7.2. 
 
 
   (a)     (b) 
Figure 94. a) Biphasic signal of a 1 Hz square wave with a 50% duty cycle showing the 
discharge and measuring regions, as well as the sample points. b) Time-based comparison 
between traditional and biphasic DC resistance measurements using a 50% duty cycle at 9 
different frequencies [130]. 
In the particular case of dynamic loads, e.g. the present investigation, solutions based on 
analogue high-pass filters (HPF) can be used. These are electronic circuits which make use 
of capacitors combined with resistors (Figure 95) which pass only signals from a selected 
frequency, the so-called cutoff frequency 𝑓𝑐 (see equation 19). In the figure bellow, 𝑉𝑖𝑛 
represents 𝑈𝑆 (see Figure 73) and 𝑉𝑜𝑢𝑡 is the filtered signal. HPF can be of 1
st
 order 
(Figure 95a) or order 𝑛 (Figure 95b), by coupling 𝑛 1st order HPF for more effective 
filtering. Non-amplified HPF are called passive filters. Amplifiers are often considered in 
HPF to gain the output signal to a desired range. These are called active HPF (Figure 95c). 
 
  
   (a) (b) (c) 
Figure 95. a) Passive 1
st
 order HPF; b) passive 2
nd
 order HPF; c) active 1
st
 order HPF [150]. 
 
𝑓𝑐 =
1
2𝜋𝑅𝐶
 ( 19 ) 
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When associated to a PCSS, HPF may provide a signal output free of DC and polarization 
components. However, this method only hides the polarization and does not avoid it, as the 
biphasic approach does. An analogue high-pass filtering method was experimented in this 
study by building an active 1
st
 order HPF. A capacitor of 10 F and a resistor of 4.7 k 
coupled to signal amplifier (Texas Instruments TL071) were considered. The gain provided 
by the amplifier was ca. 10. Figure 96 shows the signal obtained from the tested HPF 
during a loading type 5 (Figure 72c). Here, only the variations in signal at high 
frequencies related to the impulsive loads figure in the HPF output. The negative and 
positive components of the signal are associated with the loading and unloading instants, 
respectively. The “peaks” show repeatability and proportionality to applied loads, so the 
method might constitute an interesting approach in future developments. This technique 
can be replaced by digital HPF with signal post-treatment, however, impairing real-time 
acquisition.  
  
      (a)                 (b) 
Figure 96. Output obtained from the implemented analogue HPF (LT5 using sample 1 at 25°C). 
a) Time history and b) repeatability. 
7.2. Noise 
Noise is a characteristic of all electronic circuits and consists of a fluctuation in an 
electrical signal. Noise may be produced by several different sources, e.g., temperature 
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(thermal noise), p-n semiconductors junctions
8
 (shot noise), conductance
9
 fluctuations due 
to material defects, or mains interference.  
In the dynamic experiments described in section 6.2.4., a sample rate of 50 Hz was 
considered enough due to the limitations of the universal testing frame in terms of loading 
rates. Also, this allowed to reduce the size of the output files. However, higher load rates 
would require higher sampling frequency. Some experiments were monitored using high 
sample rate (1200 Hz) and high noise-to-signal ratio was registered. Figure 97 shows the 
noise analysis using a section of LT 5 at 25 °C (Sample 1) in terms of frequency vs. 
amplitude obtained by means of a Fourier transform (FT) performed in the software 
MS Excel. This numerical method decomposes a function of time 𝑓(𝑡) into a series of 
simple sinusoidal functions [151]. Equation 20 defines a cosine-based Fourier 
decomposition. The parameters 𝐴, 𝑓 and 𝜙 refers to the amplitude, frequency and phase 
shift of the cosine functions, respectively.  
 
Figure 97. Fourier transform frequency spectrum (LT 5 – Sample 1). 
 
𝑓(𝑡) ≈ ∑ 𝐴𝑛cos (2𝜋𝑓𝑛𝑡 + 𝜙𝑛)
∞
𝑛=1
 ( 20 ) 
                                                 
8
 Interface between two types of semiconductor material (n for negatively- and p for positively charged), 
present in most semiconctudor-based electronic devices such as diodes, transistors and LED, for instance.   
9 
Inverse of electrical resistance. It defines the ease of an electric current to flow through a conductor.  
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By analysing the frequency spectrum, peaks appear curiously repeated at multiples of 
50 Hz (the mains frequency), with the fundamental frequency
10
 at 50 Hz and harmonics 
registered at 100, 150, 200 and 250 Hz. This effect may be assigned to the power supply 
mains and the ubiquitous AC electromagnetic fields from nearby appliances which 
interfere with the signal. Given the discrete typology of the spectrum, the noise function 
may be easily reproduced and removed from the raw signal through the partial sum of the 
most relevant terms of Equation 20, corresponding to the five first singularities 
encountered. The parameters are listed in Table 8. 
Table 8. Wave parameter of the first five terms of the Fourier Series.  
𝒏 𝒇 (s-1) 𝑨 (mV) 𝜙 (ms) 
1 50 12.790 -4.633 
2 100 0.907 -1.595 
3 150 3.487 -4.061 
4 200 0.310 -7.331 
5 250 0.544 -7.174 
 
Figure 98 shows a time windows of 350 ms of the raw signal from a 2 MPa impulse 
obtained using a 1200 Hz sample rate (dark blue curve). The noise was isolated from the 
raw signal (light blue curve) and removed from the signal (green curve). Despite a residual 
noise, the method showed to be efficient in removing the noise from the PCSS signal. 
However, this treatment is rather difficult to implement in real-time monitoring.  
Given the regular repeatability and the symmetry of the noise function, an average filtering 
solution can be adopted. It consists of repeatedly calculating the average of 𝑛 previous 
values and may be easily implemented during the signal acquisition. Nevertheless, it 
naturally shows a delay in the signal equals to (𝑛 × sampling interval) / 2. This method 
was tested and is depicted by the black curve in Figure 98 with 𝑛 = 24. A delay of 10 ms 
was registered. The signal considered in the previous chapter (sampled at 50Hz) is 
represented by the red curve. In fact, it also shows an associated delay. This is because the 
DAQ made use of an integrated Butterworth low-pass filter
11
 with a cutoff frequency
 
of 25 
                                                 
10
 Lowest frequency of a periodic waveform. Also called the first harmonic. 
11
 Filter that passes signals with a frequency lower than a certain cutoff frequency. 
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Hz. This eliminated the high frequency noise but induced a delay of ca. 40 ms and a larger 
error in registering the peak value, compared to the average filter and Fourier correction. 
 
Figure 98. Noise suppression with low-pass filter, Fourier series and signal averaging. 
7.3. Temperature Influence  
As seen in Chapter 6, temperature affects PCSS response. Temperature increase leads to a 
decrease in resistance (NTC) and piezoresistive parameters, so its effect must be 
considered. The knowledge of the relationship between resistance vs. temperature would 
eliminate the need of integrated temperature sensors.  Figure 99a represents the variation of 
temperature and electrical resistance of a preliminary experimental sample (not reported in 
the document) during a steady-state experiment of 8 days at ambient conditions. The 
relative maximum and minimum values of resistance correspond clearly to the daily peaks 
of temperature. Figure 99b depicts the resistance vs. temperature. At first glance, the plot 
shows a certain hysteresis which may induce that the variation in resistance due to 
temperature fluctuation is hardly computable. In fact, this is caused by the polarization 
effect (visible in Figure 99a). 
The polarization component must be first removed from the measured resistance in order 
to compute the resistance-to-temperature variation ratio. As referred in section 6.2.3 and 
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suggested by B. Han et al. [84], a linear function may be used to numerically remove the 
polarization effect. Here, the correction applied was of 1.4 Ohm.h
-1
. The plots in 
Figures 100a and 100b show the variation in resistance and resistance vs. temperature, 
respectively, after the polarization removal. In the present temperature range, the resistance 
varies linearly with the temperature, as also observed Figures 88a and 93a. The 
temperature coefficient encountered was ca. 80 Ohm.ºC
-1
. 
 
       (a)          (b) 
Figure 99. Steady-state temperature and resistance registered at ambient conditions for 8 days. 
 
 
           (a)          (b) 
Figure 100. a) Resistance vs. time and b) resistance vs. temperature after polarization removal.  
  
 
Chapter 8 
Final Considerations 
“It always seems impossible until it's done.” 
Nelson Mandela 
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8. FINAL CONSIDERATIONS 
Monitoring systems play an important role in modern infrastructures. Today, advances in 
material sciences have allowed the development of sensitive construction materials that are 
able to gather user information towards intelligent infrastructures. The present dissertation 
explored the concept of multifunctional cement-based materials and reported the 
development of a stress-sensitive cementitious composite based on the addition of carbon 
black particles. More specifically, the focus was on the application of the concept to the 
traffic monitoring discipline. This chapter aims to state the main conclusions from this 
research journey and provide guidelines for future investigations.  
8.1. Conclusions 
The present research demonstrated the potential of novel stimuli-sensitive carbon-based 
cementitious products in terms of strain/stress monitoring. The document started by 
introducing the electronics basics, fundamental for the understanding of the concept and 
working principles of functional cement-based composites. Cementitious materials were 
historically contextualized until present time and selected innovative applications were 
introduced together with their respective mechanisms.  
A comprehensive literature survey was done to understand the state of the science and 
identify some of the issues in the field. It was found that the topic has become a growing 
focus of attention from the scientific community with numerous publications encountered 
in the last years. However, further investigation is needed to lower the costs associated 
with the expensive conductive nanofillers frequently used. Also, a lack of dynamic-
oriented experimental campaigns was observed. This is not fully comprehensible once this 
is, from the author’s view, the most promising application of PCSS. The main challenge 
identified by most authors remains the correction of the residual polarization effect 
identified; more critical in static applications. 
An experimental method divided in two main parts was defined to achieve the 
development of carbon black-based PCSS. The first intended to determine a consistent 
sensitive composition based on the compromise between mechanical strength and 
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piezoresistive response. Results concluded that the fine concrete composition with a 
concentration of 7% of CB by mass of cement offered the best compromise and was thus 
selected for the optimization study. The latter constitutes the second experimental part. 
Then, material, specimens design and measurement setup are reviewed in favour of an 
application in road surfaces, as well as the testing methods, including temperature variation 
and traffic-like dynamic loads. Results demonstrated promising reproducible responses 
with high sensitivity values (GF between 40 and 60). Temperatures as high as 45°C led to 
a decrease in sensitivity of about 30% but did not affect response linearity. However, rather 
high deviations were found between samples in terms of the reproducibility of some 
electric parameters. This is definitely a point of concern in future approaches. 
Lastly, the main challenges encountered were described and possible solutions were 
indicated with a view to provide critical guidelines for future investigations, mainly related 
to signal treatment.  
Taken together, we demonstrated that embedding conductive CB-based concrete elements 
in pavement surfaces may become a prospective alternative to conventional traffic 
monitoring solutions given their numerous advantages, including: low-cost, simplicity of 
implementation, structural properties, durability and good sensitivity.  
8.2. Future Developments 
Considering the outputs from the present investigation, some recommendations may be 
suggested in the scope of future research. Three main tasks may be pointed out: 
1) The most important aspect is inevitably to test the monitoring solution under real traffic 
conditions and thus validate the effectiveness of the CB-based PCSS. This will be 
performed in the near future in the test track facilities of the Institute for Highway 
Engineering of the RWTH Aachen University (isac, Germany).  
2) Another aspect is the development of more effective signal acquisition methods, 
considering the aspects described in Chapter 7, towards high frequency noise removal 
and correction of the long-term residual polarization effect. 
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3) Finally, the rather high deviation of electrical parameters found between samples is also 
a point for future concern. This may be investigated via the design of more rigorous 
fabrication methods, e.g., in terms of mixture homogeneity, in order to increase their 
reproducibility. The effect of moisture content in the piezoresistive response should also 
be addressed.  
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APPENDIX A. ADDITIONAL RESULTS - QUASI-STATIC CYCLIC LOADING LT 1 AND LT 2  
 
 
 
Figure A.1. Results of FCR and axial stress variation vs. time from LT 1. 
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Figure A.2. Results of FCR and axial stress variation vs. time from LT 2. 
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APPENDIX B. ADDITIONAL RESULTS - DYNAMIC CYCLIC LOADING LT 3, LT 4 AND LT 5 
 
 
Figure B.1. Results of FCR and axial stress variation vs. time from LT 3 (sample 1). 
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Figure B.2. Results of FCR and axial stress variation vs. time from LT 3 (sample 2).  
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Figure B.3. Results of FCR and axial stress variation vs. time from LT 3 (sample 3).  
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Figure B.4. Results of FCR and axial stress variation vs. time from LT 4 (sample 1).  
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Figure B.5. Results of FCR and axial stress variation vs. time from LT 4 (sample 2).
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Figure B.6. Results of FCR and axial stress variation vs. time from LT 4 (sample 3).  
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Figure B.7. Results of FCR and axial stress variation vs. time from LT 5 (sample 1).  
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Figure B.8. Results of FCR and axial stress variation vs. time from LT 5 (sample 2).  
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Figure B.9. Results of FCR and axial stress variation vs. time from LT 5 (sample 3). 
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APPENDIX C. RELEVANT PUBLICATIONS 
Relevant publications in international journals issued from the experiments described in chapter 5 
and 6. 
1. “Self-sensing piezoresistive cement composite loaded with carbon black particles”, in 
Cement and Concrete Composites. 
2. “A pressure-sensitive carbon black cement composite for traffic monitoring”, in 
Construction and Building Materials. 
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Strain sensors can be embedded in civil engineering infrastructures to perform real-time service life
monitoring. Here, the sensing capability of piezoresistive cement-based composites loaded with carbon
black (CB) particles is investigated. Several composite mixtures, with a CB ﬁller loading up to 10% of
binder mass, were mechanically tested under cyclic uniaxial compression, registering variations in
electrical resistance as a function of deformation. The results show a reversible piezoresistive behaviour
and a quasi-linear relation between the fractional change in resistivity and the compressive strain, in
particular for those compositions with higher amount of CB. Gage factors of 30 and 24 were found for
compositions containing 7 and 10% of binder mass, respectively. These ﬁndings suggest that the CB-
cement composites may be a promising active material to monitor compressive strain in civil in-
frastructures such as concrete bridges and roadways.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Monitoring of civil engineering infrastructures has been a
growing concern of the last few decades. As a result, a new disci-
pline originated, structural health monitoring (SHM). The devel-
opment of SHM has enabled a more effective evaluation of the
stresses/deformations that take place in buildings, bridges and
dams, for instance [1,2]. Roadways management and logistics have
also beneﬁted from SHM [3]. Overall, the aim is to use computer
software to control the functional reliability of a civil infrastructure
by autonomously gather information of critical parameters such as
service loads, cracks, corrosion rate, moisture, pH, etc. Abrupt
changes in the readings of one or more of these parameters prompt
an automated warning message to be sent to the technical team
managing the infrastructure. Underlining this new technology is
the conjunction of traditional sensors (potentiometers, optic ﬁbre,
strain gauges…) with, for instance, cement-based mixtures loaded
with electrically conductive additives [4]. Commonly namedeering, University of Aveiro,
eiro).cement-based self-sensors such an ensemble enables the autono-
mous and real-time probing of electrical resistance of the com-
posite material and relies on a stimulus-triggered property called
piezoresistivity).
The resistivity of a composite material can be decreased by
adding conductive ﬁllers, thereby undergoing an insulator-to-
conductor transition. This is explained by the percolation theory
[5]. Piezoresistivity is a physical property of materials deﬁned as the
change of the electrical resistivity when subjected to mechanical
strain [6e8]. For cement mixtures such as those used in SHM, when
a uniaxial compression is applied, the inter-particle distance of the
conductive ﬁller changes and new conduction paths are created.
Hence, the closer the conductive particles are, the easier an elec-
trical current can ﬂow, decreasing the resistivity. Upon unloading,
the composite material returns to its relaxed state and the initial
resistivity is recovered, provided there is no plastic deformation.
Overall, this phenomenon may be seen as piezoresistivity (that is
induced on the cement composite) though it only takes place past a
critical level of conductive particles addition (thus resembling the
percolation threshold of classical composites.
Based on the above concepts, piezoresistive cement-based
strain sensors (PCSS) have been built. Here, either small sections
of the cement composite are included in a larger structure or the
Table 2
Mix proportions of the ﬁve experimented compositions (kg/m3).
Cement Water Aggregates Carbon Black SP
CB0 447.8 223.9 1582.1 0 0
CB1 445.8 222.9 1574.9 4.5 2.2
CB4 440.7 220.3 1557.0 17.6 6.6
CB7 436.6 218.3 1542.5 30.6 8.7
CB10 431.7 215.8 1525.2 43.2 13.0
A.O. Monteiro et al. / Cement and Concrete Composites 81 (2017) 59e6560mixture entirely replaces the classical concrete [9]. The ﬁrst report
on piezoresistive concrete dates back to 1993 [10]. Then, carbon
ﬁbres (CF) were used to increase the conductivity of cement pastes,
a phenomenon that was strain-dependent as conﬁrmed by
compressive loading essays. Besides this, improved ﬂexural and
axial strengths were noticed, along with more freeze-thaw dura-
bility and drying shrinkage reduction. Subsequent studies report
not just the use of CF additives [10e31] but also of carbon nano-
tubes [12,32e34], steel ﬁbres [16,30,35] and CB [15,17,36e39]. In
particular, CB particles have demonstrated some advantages for
SHM applications when compared with other conductive additives
[37,40]. Top amongst these is their lower cost. This is a critical point
as, while a SHM system results in signiﬁcant safety enhancements
and reduction of management/inspection costs, its implementation
in large-scale infrastructures will be unfeasible if the production
and integration costs of the cement ﬁller are too high.
The aim of this work is to studywhether CB-based PCSS could be
a viable material for long-term service monitoring of civil in-
frastructures. To our best knowledge, there is merely one relevant
report in the literature [36]. While Lit et al. used CB as the only
conductive additive, their PCSS specimens showed good piezor-
esistive behaviour. However, the piezoresistivity was veriﬁed for
very high CB concentrations which is detrimental for the me-
chanical response of the cement [37]. In an attempt to improve the
previous results by Li et al., we investigate the piezoresistive
response of cement-based composites containing lower CB load-
ings that can furthermore retain the mechanical strength of the
cement matrix.
2. Methods
2.1. PCSS preparation
Thematerials used to build the PCSS were Portland cement CEM
II 32.5N (Cimpor), carbon black type N330 (Orion Engineered Car-
bons), high performance polycarboxylate polymer-based water
reducing agent (Sika AG) e known as superplasticizer (SP), ﬁne
sand (<1mm) and copper plates with a thickness of 0.4 mm (which
worked as electrodes). The cement and aggregates were ﬁrst added
to the water and mixed for 5 min using a conventional mortar ro-
tary mixer with a ﬂat beater (Controls). The SP was then added,
mixed for 3 min, followed by the CB addition and mixing (5 min).
The mixtures were poured into oiled moulds and ﬁnally vibrated to
ensure good compaction. Note that it is agreed that the homoge-
neous dispersion of the CB ﬁller particles optimizes the electrical
conduction of composites, particularly as the tunnelling effect is
often the predominant mechanism for the transport of charge
carriers [36]. Several dispersion techniques have been studied and
are described in the literature [33,34,41e45]. Despite this, in this
study, no attempts were made to optimise the dispersion of the CB
particles and theywere used as-received. The reasoning behind this
was to preserve, as much as possible, the original characteristics of
the CB ﬁller. Table 1 summarizes the main physical characteristics
of the CB material used.
Five diferent compositions were investigated (Table 2), wherein
the CB ﬁller loading was varied in percentage of the binder mass:
without CB (CB0, this acted as the control sample), with 1, 4, 7 andTable 1
Characterization of the CB used in the experiments (from manufacturer).
Density (g/cm3) 1.7e1.9
Bulk Density (g/cm3) 0.370
Average particles diameter (nm) 120
Speciﬁc Surface Area (m2/g) 7610% binder mass (CB1, CB4, CB7 and CB10, respectively). For all
compositions, the water/cement and cement/aggregate ratios were
constant, at 1:2 in weight and 1:3 in volume, respectively. The
water reducing agent was used in amounts from 0% to 3% of cement
mass. This compensated the lack of water for correct cement hy-
dration, consequence of the addition of CB particles, and main-
tained the material's workability.
Seven prismatic samples were considered (40  40  160 mm)
for each composition and cured for 14, 28 and 120 days, at room
temperature (20 C) while exposed to a humidity level of >95%.
Among the seven specimens, six of them were plain specimens,
used for tensile and compressive strength experiments. The
remaining one had four embedded copper electrodes, in order the
measure the electrical resistivity, as well as a strain gauge to
measure the axial deformation.2.2. Piezoresistivity testing
After 120 days of curing, the specimens with the embedded
electrodes were dried in an oven at 60 C for 2 days. This was to
reduce the effect of moisture on the electrical conduction. After this
drying step, the resistivity measurements were carried out. These
followed the four electrodes method [14,46]. The piezoresistivity of
the PCSS was studied using cyclic loads, computing simultaneously
the resistivity and the axial deformation of each specimen. The
resistivity rðtÞ is calculated as a function of time by combining the
ﬁrst (eq. (1)) and second (eq. (2)) Ohm's laws, as expressed in eq.
(3).
R ¼ U
I
(1)
R ¼ r l
A
(2)
rðtÞ ¼ UðtÞ
IðtÞ
A
l
(3)
In equation (3), UðtÞ is the potential difference across the inner
electrodes, IðtÞ is the current measured between the outer elec-
trodes, A is the contact area between the electrodes and the ma-
terial and l is the spacing between the inner electrodes. The scheme
in Fig. 1 further illustrates the resistivity measurement principle,
along with the geometrical parameters, electrodes disposition and
application of the unidirectional load employed.
A Shimadzu press AG-IC, capable of applying loads up to 100 kN,
was coupled to a data acquisition device (Data Taker DT80) and a
power supply (Protek) through a computer. First, a potential dif-
ference of 12 V was applied via the outer electrodes using a DC
power supply. The uniaxial compression was then applied in two
steps: ﬁrst, a 2 kN force was exerted along the major axis of the
PCSS sample and maintained for 2 min until the resistivity stabi-
lised; then, a cyclic load was applied at a rate of 250 N s1 with
amplitudes of 15 kN, which led to stresses of 9.4MPa. The resistivity
variation was continuously monitored using the data acquisition
Fig. 1. Representation of the resistivity measurement principle and the geometrical
parameters of the PCSS.
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120 U strain gauge. The experiments were performed at room
temperature, ~20 C.
For the following analysis, it is important to deﬁne fractional
change in resistivity (FCR) and sensitivity. FCR is a measure of how
much the resistivity departs from its initial value (r0) with time and
is given by equation (4):
FCR ¼ rðtÞ  r0
r0
(4)
The sensitivity, which relates the FCR with axial stress (Q), can
also be extracted as given in equation (5):
sensitivity: ¼ FCRDs (5)2.3. Capillarity experiments
In order to understand the permeability of the composites, a
water absorption experiment was done for all the compositions,
using prism halves and following the speciﬁcations of the EN1015-8
standard [47]. The specimens were dried in a ventilated oven at
60 C until a constant mass was reached. The rupture face of each
sample (obtained from mechanically breaking the prisms in two)
was rectiﬁed and then immersed in a tray with 5 mm of water. The
water absorption coefﬁcient, due to the capillarity action, was
determined based on the weight gain of each specimen during
80 min of immersion.3. Results and discussion
3.1. Mechanical properties
Conventional compressive and 3-point bending tests were car-
ried out (as per the EN1015-11 standard [48]), in order to quantify
the compressive and tensile strength, respectively, of the composite
samples. Fig. 2a and b shows the evolution of compressive and
tensile strengths with increased curing time. Each point is deﬁned
by the resulting mean of the experiment performed in 3 specimens.
Fig. 2c shows the Young's modulus, as calculated from strain vs.
stress experiments, using the specimens cured for 120 days and
equipped with strain gauges.
Consistently, the compressive strength increases with curingtime. This is expected as it results from the classical hydration
process of Portland cement. Of interest, the maximum compressive
strength was obtained for the CB4 sample with minimums ob-
tained at both compositional extremes of the composite mixtures.
This implies there is an optimal binder/ﬁller ratio for best
compressive strength of the PCSS. The increase of compressive
strength from CB0 to CB4, at 28 and 120 days, conﬁrms the me-
chanical reinforcement effect of the additive used. Interestingly,
CB4 showed a lower compressive strength than CB1 and CB7 at 14
days, contrary to what was seen at 28 and 120 days. Past the 4%
threshold, these mechanical beneﬁts start to wane as the material
increasingly becomes more brittle (likely due to the overload of
ﬁller particles that prevents proper textural binding in the cement
matrix). In fact, tests done with >10% of CB loading, in binder mass,
revealed the presence of segregation and extremely low strength
values (not shown). These observations are supported by the elastic
modulus analysis. An increase in modulus was registered from CB0
to CB4 but, contrary to the results of the compressive and tensile
strengths essays, the CB7 and CB10 specimens showed lower values
than the control sample. CB4 was again the specimen showing the
greatest value overall. Here, it should be noted that a non-optimal
dispersion method of the ﬁller may eventually contribute to the
results. A better CB scattering could allow higher CB contents and,
possibly, increase the strength achieved. One other important fac-
tor that should be considered is the water-binder ratio. Despite the
use of a superplasticizer, the correct hydration of the cement may
not have been attained, a point for further investigation in the
future.3.2. Piezoresistive properties
Only two samples showed piezoresistive behaviour, CB7 and
CB10. Fig. 3 depicts the FCR variations, under cyclic compressive
loading, for CB7 and CB10, respectively. The plots in Fig. 3a and c
shows that the FCR is reversible as it decreases upon loading and
increases upon unloading. This establishes a straightforward cor-
relation between deformation and resistivity, as shown in Fig. 3b
and d. Both samples showed good repeatability and global linearity.
Interestingly, CB10 showed better precision, as demonstrated by
the narrower scatter distribution and linearity, this despite the
lower gage factor and sensitivity value. Looking at the CB7 results, it
is possible to identify a slight hysteresis in the FCR values. Such can
be the result of insufﬁcient stabilization of the sensor before the
load-unload cycles as, for non-cycled essays, we observed that after
applying a potential difference through the PCSS, the electrical
resistance tends to ﬂuctuate until an equilibrium value is reached.
Table 3 summarizes the electrical and piezoresistive properties
of the entire set of samples. Additionally, the gauge factor (GF),
which relates the variation between the resistivity and the defor-
mation, is also included. Looking at the values obtained, CB0, CB1
and CB4 have relatively large resistivity, which could explain the
absence of piezoresistivity readings. The increased resistivity is
possibly a result of the addition of superplasticizer, as previously
claimed [49] (another likely contributing factor is the lower CB
concentration combined with the mentioned non-optimal ﬁller
dispersion). By contrast, CB7 and CB10 showed lower resistivity
thereby enabling the measurement of piezoresistivity. We believe
this observation points to a threshold of maximum resistivity
beyond which it is not possible to consider these composites for
PCSS.
As referred above, there is only one reference where CB was
used as the unique conductive additive for PCSS [36]. In this study,
the authors observed piezoresistive behaviour from CB loadings in
Fig. 2. Results of the ultimate strength tests carried for: a) compression; b) traction; each point corresponds to the mean value of 3 essays. c) Elastic modulus of the different
composites taken after 120 days of curing.
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with lower CB concentrations was considered too noisy to be
meaningful. The present work demonstrates that CB can be used as
a conductive additive for cement in much lower amounts. One
reason for this discrepancy could be the type of CB used. In fact,
there is a large range of CB materials available in the market and
their properties depend highly on the purpose for which they were
produced. The main characteristics that differentiate them are the
size of the particles, the speciﬁc area and the so-called “structure”.
For instance, CB particles with smaller size, higher surface area and
higher structure provide higher conductivity. Therefore, piezor-
esistivity can be reached using lower CB fractions. Unfortunately, no
information was provided regarding the type of CB used by the
authors in Ref. [35]. The sensitivity values obtained for our CB7
specimen (see Table 3) are ca. 50% lower when compared with the
ﬁgures provided for the 15% of Li et al. [35]. Remarkably, our CB7
uses 53% less CB ﬁller but it still showed good linearity and
repeatability levels.3.3. Porosity properties
Fig. 4 depicts the capillarity coefﬁcients values of the ﬁve
compositions. The capillarity clearly decreases with the addition of
CB making the ﬁller effect well visible, eventually contributing to
reduce the permeability in the PCSS. The registered capillarity for
all the compositions with carbon black was similar, with a reduc-
tion of more than 50%, if compared with the capillarity of the
control sample, CB0. Interestingly, the CB7 had the lowest average
capillarity coefﬁcient but the error bar is larger meaning that
globally the results are similar from CB1 to CB10. The reduction of
capillarity seems to indicate that the composite pores were closed
by the addition of CB, reinforcing the continuity of the micro-
structure and, thus, contributing to its increased electrical
conductivity.
Taken together, the above results imply that a balance of prop-
erties is necessary to obtain the best PCSS. There was not one
composition that showed optimal properties across the
Fig. 3. Results of the cyclic loading on CB7 and CB10 samples. a) FCR and strain vs. time (CB7); b) FCR vs. strain for the 10 cycles (CB7); c) FCR and strain vs. time (CB10); d) FCR vs.
strain for the 10 cycles (CB10).
Table 3
Initial electrical resistance (R0) and calculated resistivity (r0), maximum FCR, GF and sensitivity for the ﬁve composites tested.
CB0 CB1 CB4 CB7 CB10
R0 (U) 1.02  105 1.08  105 1.24  105 1.43  104 3.02  102
r0(U.m) 1.53  103 1.62  103 1.85  103 2.14  102 4.54  100
max. FCR (%) e e e 2.68 1.79
GF e e e 30.28 24.13
Sensitivity (MPa1) e e e 2.86  103 1.72  103
A.O. Monteiro et al. / Cement and Concrete Composites 81 (2017) 59e65 63mechanical, electrical and permeability tests. For the samples that
showed piezoresistivity (CB7 and CB10), and with the exception of
the Young's modulus, CB7 showed better mechanical parameters
and higher sensitivity. However, CB10 demonstrated slightly better
linearity and repeatability, noticeable by the higher coefﬁcient of
determination (R2) and narrower scatter distribution, respectively
(Fig. 3). Taken together, CB7 could be taken as the best compromise
as it retains satisfactory mechanical strength while providing reli-
able piezoresistive responses, low value of permeability (tradi-
tionally related with the material durability) and lower
concentration of CB.4. Conclusions
With the purpose of developing a piezoresistive self-sensing
concrete for civil engineering infrastructures, the addition of CB
particles in cement-based materials was investigated. The present
experiments established a piezoresistive response from the cement
composites and shed light on how the CB inclusion inﬂuences their
mechanical and electrical properties. It was observed that CB ad-
ditions of up to 4% of cement mass are favourable to enhance me-
chanical performance, whilst amounts between 7 and 10% aremore
promising for sensing purposes. Accordingly, the 7% composition
Fig. 4. Capillarity coefﬁcients. Results for the 5 compositions studied.
A.O. Monteiro et al. / Cement and Concrete Composites 81 (2017) 59e6564provided an optimised balance of mechanical and electrical re-
sponses suggesting that it is possible to use common, low-cost CB
ﬁllers for conductive concrete and PCSS. Future work should
concentrate in lowering this CB mass fraction through ﬁller
dispersion procedures.
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 The piezoresistive properties of a carbon black-cement composite were evaluated.
 Temperature variation and low traffic-like stresses were considered.
 The composite showed good linearity and repeatability upon compressive cyclic loads.
 Heating the specimens decreased sensors sensitivity but linearity was not affected.a r t i c l e i n f o
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Recent advances in nanotechnology have guided the development of a new generation of multifunctional
construction materials. An example of this are cement-based composites, some of which can be used not
just to pave roads but also to monitor them. A cement composite, integrating a carbon black (CB) filler,
was used as a piezoresistive sensor to identify different cyclic compressive loadings, at temperatures
ranging from 15 C to 45 C. The mechanical essays were performed under realistic conditions using
600 cm3 specimens and uniaxial loads typical of automobile traffic. A linear and reversible pressure-
sensing performance was found with gauge factors ranging from 40 to 60. Overall, these results show that
CB/cement composites can act as stress-sensitive materials for traffic monitoring.
 2017 Elsevier Ltd. All rights reserved.1. Introduction
As the footprint of civil infrastructures continues to grow to sus-
tain the needs of an expanding human population, there is an
increased interest in the integration of instrumentation systems
to assist engineers in structural health monitoring, logistics and
management. Today, it is possible to evaluate, from a distance,
stresses and deformations in buildings, bridges, dams and road-
ways (see, for instance, [1–3]). To realize this, arrays of sensors
and specialised computer software are used. These gather critical
information such as service loads, damage, corrosion rate, moisture
and pH, in real-time and in an (almost) autonomous way.Advances in nanotechnology have enabled the synthesis of
‘‘smart” materials that could ultimately replace the function(s)
presently carried out by instrumentation. Besides eliminating the
need for external devices, these materials have the potential to
improve the physical properties of classical construction materials
such as concrete [4]. In these circumstances, pillars, walls and
pavements could become ‘‘smart” by sensing stress, temperature
and humidity or, eventually, have more active roles such as in har-
vesting solar energy or repair themselves upon detecting concrete
micro-cracks. While the initial capital investment could be higher,
cement-based smart materials could represent, in the long term, a
wise alternative to classical concrete. Maintenance costs and
human intervention would be considerably reduced, the infras-
tructure life-span would be increased (as losses of mechanical
strength could be identified and repaired early on) and there would
be no need to periodically replace costly arrays of sensing devices
[5].
Table 1
Mix proportions of the experimented composition (kg/m3).
Cement Water Aggregates Carbon Black SP
528.7 317.2 1225.8 34.4 21.1
1080 A.O. Monteiro et al. / Construction and Building Materials 154 (2017) 1079–1086Following the above, significant efforts have been undergoing to
develop a stress-sensing concrete formulation that does not com-
promise its mechanical properties. Concrete is a known electrical
and thermal insulator. However, when mixed with an appropriate
filler, it can conduct electrical current. This phenomenon takes
place in composite materials past a critical level of filler addition,
the so-called ‘‘percolation threshold” [6]. Interestingly, it has been
observed that near or below this threshold, compressive loadings
may induce or increase the conductivity of cement composites
through a phenomenon called piezoresistivity (which is commonly
associated with semiconducting materials) [7,8]. This is under-
standable if one considers that inter-particle distances, and associ-
ated percolation paths, in the cementitious matrix change with
volume contraction. The closer the conductive particles get, the
easier the current flow becomes, decreasing thereby the electrical
resistivity of the composite. In the elastic regime, this behavior is
completely reversible [9,10].
Over the last decades, numerous active materials for piezoresis-
tive cement-based strain sensors (PCSS) have been proposed. One
of the first PCSS reports used carbon fibers (CF) to increase the con-
ductivity of cement pastes. In addition to describing a relationship
between strain and electrical resistivity [11], the authors noted an
enhancement of the cement’s mechanical properties. Following
this, different additives were intensively studied and include CF
[12–17], carbon nanotubes [13,18–20], steel fibres [21–23], gra-
phene [24,25] and carbon black (CB) [26–31]. Because of their
aspect ratio, fibre-like additives generally resulted in larger
improvements of electrical conductivity [31]. However, some stud-
ies showed that CB particles demonstrated higher signal stability
[26,32–34]. Furthermore, botryoidal particles such as CB, can be
more cost-effective due to the minimal expenses incurred in their
production [32,34].
Instrumental traffic monitoring is increasingly present in roads
[3]. Currently, most systems rely on pavement embedded devices
such as strain gauges or optical and piezoelectric ceramic sensors
[35]. Amongst other drawbacks, these sensors have poor durability,
high cost and low sensitivity. A promising alternative may be the
integration of PCSS in key locations of the pavement. This would
allow not just the monitoring of vehicles flow density and speed
but also a weight-in-motion tool to categorize the type of traffic
in real-time [6]. On this basis, we have been developing a low-
cost PCSS approach for traffic monitoring wherein CB particles
are used as cement fillers [36]. In this follow-up study, the piezore-
sistive response of a CB-cement composite was investigated using
two different compressive cyclic loadings, with traffic-like stress
amplitudes, within a range of different temperatures. Of note,
and given the inadequate specimen-sizes often reported in the lit-
erature, large slab-shaped specimen configurations were tested.
These could be easily placed on the surface or underneath the wear
layer of selected pavement sections.
2. Materials and methods
2.1. Materials
The materials used to build the PCSS were Portland cement CEM II 32.5R
(Cemex AG), carbon black type N330 (Orion Engineered Carbons), high performance
polycarboxylate polymer-based water-reducing agent (Sika AG), commonly called
as a superplasticizer (SP), fine sand (<0.5 mm) and galvanized #6 meshes (opening
of 4.2 mm) which worked as electrodes. Details on selected physical properties of
the CB along with the structural and chemical characterization of the CB and
respective composite are given in the Supplementary Information file (Table S1
and Figs. S1 to S6, respectively).
Carbon black has been generally considered by the scientific community as a
non-toxic material [37]. Also, it is not water-soluble, which makes it unlikely to
spread through groundwater, in case of some eventual release of particles due to
wearing of the pavement. Additionally, carbon black has been traditionally used
as colorant in the cosmetic industry and laboratorial experiments demonstrated
lung issues only under excessive inhalation.2.2. PCSS preparation
The chosen CB/cement composition derives from our prior investigations
[27,36,38]. Then, experiments were carried out to find out whether the CB would
be suitable as a conductive additive for cement and which concentrations must
be considered to obtain effective piezoresistive responses. Here, a slightly lower
cement-to-aggregate ratio was used, in an effort to improve the conductivity of
the composite. The mixture reported contains 6.5% of CB by mass of binder, corre-
sponding to 1.91 vol% (or 1.48 wt%). The water-to-cement ratio is 0.6 in weight and
the cement-to-aggregate ratio is 0.5 in bulk volume. A superplasticizer was also
added in 4% concentration (by mass of cement) to maintain a correct workability
[33] of the concrete. The plasticizer acts as a dispersant agent (without prejudice
in the cement hydration) and simultaneously compensates the lack of water needed
to obtain a correct cement hydration. The deficient hydration is a known conse-
quence of adding CB particles. Table 1 summarizes the mix proportions in kg/m3
of the concrete produced.
An aqueous solution was firstly obtained by stirring manually the water, the CB
and half of the plasticizer. Due to dispersion issues (see Note 2 in Supplementary
Information), the solution was then sonicated for 15 min, using a probe-type soni-
cator with a nominal frequency of 24 kHz and 200 W of power (Hielscher Ultra-
sound Technology). During the sonication, the solution was kept immersed into a
bath of water to avoid evaporation by overheating. The cement was added and
mixed for 5 min with a conventional mortar mixer equipped with a wired whisk
(Controls), until a homogeneous paste is obtained. The sand was finally added
and the overall was mixed for additional 5 min. The fresh mixture was then poured
into oiled molds (100  100  60 mm), in which two mesh electrodes were placed
with a spacing, l, of 4 cm, together with a central K-type thermocouple (Omega) for
temperature monitoring. This is done by previously building small structures, using
thin polymer spacers, to guarantee the correct position of the electrodes. Three
samples were considered. The specimens were finally vibrated to ensure a good
compaction and were kept 4 days in molds, sealed with a plastic film to avoid water
evaporation. Such long time into the molds is due to the slow hardening observed in
preliminary experiments. This may be due to the increase in setting time caused by
the addition of CB. In fact, this behavior has been often reported in mixtures added
with fine additives as fly ash, silica fume or metakaolin, for instance [39]. Once
demolded, the specimens were cured in water for 28 days and finally dried in oven
for 10 days at 50 C. The scope of the study did not encompass moisture influence.
Hence, the specimens were coated with a thin layer of epoxy resin, in order to avoid
possible variations in water content. Acrylic plates were installed in both faces of
the specimens to prevent from any possible current passage to the press. Fig. 1 illus-
trates the fabrication process of the specimens.
The microstructure, composition and confirmation of CB presence in the com-
posite specimens were studied. Fig. 2 shows a SEM imaging of the microstructure
of the CB/cement composite, wherein the main elements are indicated. Two phases
are easily identifiable, results from the hydration of the Portland cement: calcium
silicate hydrate and calcium hydroxide. The first (commonly abbreviated as
CASAH) is the main reaction product from the hydration process and usually man-
ifests under flakes or dendrites-like shapes. The second, also known as portlandite
(Ca(OH)2 or CH), appears in cubic-like elements. Lastly, despite their rather small
dimensions, carbon black particles are visible on the surfaces of the hydrated
phases by observing the figure carefully. EDX (Energy Dispersive X-ray) and Raman
spectroscopy analyses are additionally shown in Supplementary Information in
Notes 3 and 4.
2.3. Piezoresistivity testing
The piezoresistive experiments were performed by applying cyclic uniaxial
compressive loads and measuring simultaneously the deformation and the electri-
cal resistance of the PCSS. The two-electrode method was chosen to measure the
electrical resistance rather than the four-electrode method due to the better suit-
ability, in terms of implementation. The load was applied by a universal testing
frame, under force control, equipped with a 25 kN load cell and a thermal chamber
(Josef Freundl). The specimens were powered across the electrodes using an analog
power supply capable of 45 V DC (Hameg). The axial deformation was measured
with 20 mm strain gauges (HBM), using a temperature compensated Wheatstone
quarter bridge configuration, via a dummy gauge. The experiments were performed
in a controlled climatic chamber at four different temperatures: 15, 25, 35 and
45 C. The electrical resistance, deformation and temperature were monitored with
a universal data acquisition device (DAQ) HBM Quantum X MX840B, through a
computer. Two cyclic load paths were considered. Loading type 1 (LT 1) consisted
of ten load-unload cycles with constant amplitudes of 20 kN (2 MPa). Loading type
2 (LT 2) consisted of six cycles with increasing amplitudes (1, 2, 5, 10, 15 and 20 kN),
Fig. 1. Illustration of the PCSS fabrication process.
Fig. 2. SEM imaging of the morphology of the CB/cement composite and identi-
fication of the main components.
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ing types. Before the cycles, a conditioning load of 0.2 kN (0.02 MPa) was applied
during 10 s. Fig. 3a and b illustrate both loading functions.
The scheme in Fig. 4 depicts the adopted setup, along with the geometrical
parameters of the PCSS, electrodes disposition and application of the load. Coaxial
cable was used along all the circuit to prevent signal interferences from external
noise sources. A potential difference Us is provided across the electrodes, with area
A, and the current I is measured.
Eq. (1) shows how to compute the resistivity qs of the sensors, as a function of
time, by using the Ohm’s law [40], which define the resistance of an element, Rs .* Rs ¼ UsI ^ Rs ¼ qs
l
A
) qsðtÞ ¼
UsðtÞ
IðtÞ
A
l
ð1Þ
As the deformation of the sensors under compression is very small, the changes
in l can be neglected, as demonstrated by X. Yu et al. [41]. Thus, it can be concluded
from Eq. (1) that the fractional change of electrical resistivity (FCR) is equivalent to
the fractional change of electrical resistance (Eq. (2)). This is more convenient, since
the area A to take into account in Eq. (1) is an ambiguous value between the PCSS
cross sectional area and the contact area of the electrodes. Per definition, A standsfor the contact area between electrodes and composite if external plates are used.
By adopting internal mesh electrodes, the contact is not made in the whole cross-
sectional area, due to the openings. However, it would be too conservative to con-
sider A as the contact area of the electrodes. This is because the electric field spreads
over the PCSS cross-section during the transport of charges.FCR ¼ Dqs
qs
¼ DRs
Rs
¼ RsðtÞ  Rsðt0Þ
Rsðt0Þ ð2Þ
For more effective measurements, the acquisition of the resistance was based
only on voltage signals. This has many advantages, such as higher precision, better
practicability, the possibility to use voltage dedicated DAQs and thus, easier multi-
channel acquisition. This is a critical issue if several PCSS must be connected in par-
allel [16]. Therefore, the current density is measured indirectly by the implementa-
tion of a voltage divider, using a known precision reference resistance Rr of 3319 X
(see Fig. 3). The potential differences from the power supply output (Up) and
between electrodes (Us) were taken from a common ground. The resistance of the
sample, Rs , and the current over the circuit are computed using the voltage divider
principles by Eq. (3).Is ¼ Ir ) UsðtÞRsðtÞ ¼
UrðtÞ
Rr
¼ UpðtÞ  UsðtÞ
Rr
() RsðtÞ ¼ Rr UsðtÞUpðtÞ  UsðtÞ ð3Þ
Previous studies demonstrated that carbon nanoparticle-based cement com-
posites have complex electrical characteristics, due to be their dielectric properties
and the associated capacitance and polarization effect they exhibit [5,42–44]. When
an electric field is applied through a dielectric material, the result of this phe-
nomenon is an electric field opposite to the applied one, due to the formation of
dipoles. The result is an increase in electrical resistance during measurements
[45]. Galao et al. [46] suggested the use of a reference current, of certain intensity,
to obtain stable electrical resistance. Even though this method goes against most
procedures from literature, in which the electric field is defined by a reference
power supply output, it is more adequate. The current has the advantage of being
constant along the circuit. Contrary, the voltage is fractionally distributed along
the components, depending on their resistance. Consequently, the power supply
output voltage does not give the idea of how is the PCSS being powered, since
the voltage between electrodes depends e.g. on the PCSS configuration (cross sec-
tional area and electrode spacing) and on the reference resistance Rr from the volt-
age divider. This may lead to the use of an inappropriate electric field, outside of the
stable threshold, as furtherly explained in the manuscript.
Current vs. electric resistance analyses were performed before the piezoresis-
tive experiments, with the aim to find a consistent working current. Fig. 5 shows
the variation of the electrical resistance, Rs , of one of the samples when subjected
to different current intensities, I, at 25 C. All the specimens exhibited similar
behavior. Rs showed to be dependent on the current and tended to an asymptotical
behavior from I  0.5 mA. From this threshold, Rs starts to be independent of the
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1082 A.O. Monteiro et al. / Construction and Building Materials 154 (2017) 1079–1086current and can be considered stable. Hence, it is important to use a value of current
density within the asymptotical region. An initial output current of 2 mA was cho-
sen to power up the PCSS.
Because of their above-mentioned electrical polarization and similarly to con-
ventional capacitors, PCSS are able to store electric charges. This effect leads to a
delay from the power-up until the PCSS reach a constant resistance, likewise the
loading time of capacitors. Thus, the samples must be powered during a certain
amount of time, in order to reach a stable resistance before the experiments.
Fig. 6 shows the evolution of Rs over time, of one of the samples, after applying a
current of 2 mA, at 25 C. Higher currents lead to shorter loading times. However,
they may originate resistive heating, caused by Joule’s effect and affect the behavior
of the PCSS. Immediately after their powering (0.02 s), the specimens reached 50%
of their resistance, 85% at 0.1 s, 98% at 10 s and may be considered completely
charged, or polarized, after 180 s.
For the following piezoresistive analysis, two important parameters associated
with the PCSS performance must be defined: the stress sensitivity and the gauge
factor (GF). The stress sensitivity relates the fractional change in resistivity (FCR)
and axial stress (r) by Eq. (4). The gauge factor is defined by Eq. (5) and relates
the FCR with the axial deformation (e).
stress sensitiv ity: ¼
FCR
r ð4Þ
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e
ð5Þ3. Results and discussion
3.1. Mechanical properties
Conventional compressive and 3-point bending tests were car-
ried out according to European standard EN1015-11 [47], in order
to quantify the compressive and tensile strength, respectively, of
the conductive composition. Table 2 summarizes the results
obtained, after 28 days of curing, along with the standard errors.
Additionally, it shows the Young’s modulus extracted from the
piezoresistive experiments at 25 C. This is an average value con-
sidering the tangents to the curves of stress vs. strain of all the
samples and both loading conditions. At least 100 points were
considered.
3.2. Piezoresistive properties
An extensive amount of data was generated by the analyses, 24
piezoresistive experiments in total. Thus, only brief examples and
the statistical results are shown in the manuscript. The entire
experiments are, however, fully documented in Supplementary
Information, available with this report.
Fig. 7 shows the piezoresistive response of one of the specimens
(sample 1) subjected to loading type 1 at 25 C. Fig. 7a depicts the
variation of FCR and strain over time. The FCR showed to be rever-
sible upon loading and unloading, stablishing a straight forward
correlation between deformation and resistivity as demonstrated
by Fig. 7b. Similarly, Fig. 8 is related with loading type 2 and con-
firms the same results. This is in accordance with our previous
findings [36]. The remaining experiments presented similar behav-
ior, varying in terms of sensitivity. They are shown in Figs. S7–S9 of
Supplementary Information.
The plots in Fig. S9 demonstrate good linearity and repeatability
in all situations by linear and narrow scatter distributions. Never-
theless, it is possible to observe a slight hysteresis in some FCR
curves (see Figs. S7 and S8), i.e., in certain cases, the resistivity of
the specimens does not recover completely its initial value afterTable 2
Strength properties of the composites.
Compressive Strength
(MPa)
Tensile Strength
(MPa)
Young’s modulus
(GPa)
18.82 ± 0.46 4.37 ± 0.37 14.88 ± 0.98unloading, growing linearly over time. The most evident cases
occurred in the sample 3. This hysteresis has been reported in most
the reports found in literature and is generally associated with the
polarization effect of the composites. Such can derive from an
insufficient stabilization of the PCSS before the experiments or a
long term residual capacitor charging effect. We opted not to cor-
rect the results given by the DAQ, by eliminating the polarization
component. However, two procedures were reported by B. Han
et al. [43] to remove the hysteresis from the FCR curves. The first
suggests a post-treatment by the use of a linear function to remove
numerically the linear component associated with the polarization
phenomena. The second proposes the use of AC voltage (alternat-
ing current), instead of DC voltage (direct current). Experiments
[43] showed that AC voltage can eliminate the effect of capacitor
charging, in carbon nanotube/cement composites. In electronics,
when capacitors are subjected to DC voltage (constant), they
charge, allowing the current to pass, until they reach their full
capacity and block its passage, likewise a valve. However, they
let AC voltage flow, because high alternating current frequencies
do not let time for the capacitor to charge, behaving as an open
valve. Using the same analogy, the charging effect of the PCSS
can be eliminated by using AC voltage. It has the advantage of
avoiding the need of a pre-powering time before the resistance
reaches a stable value. Nevertheless, the electrical resistance can-
not be directly measured. In fact, as described in 2.3 and illustrated
in Fig. 6, the true resistance is only reached after the charging time,
so only the instantaneous resistance is taken and still depends on
the AC frequency. In theory, the higher is the frequency, the more
effective is the elimination of the polarization effect, but the lower
is the measured resistance. Another disadvantage of the AC
method is the noticeable increase of signal’s noise [43]. Addition-
ally, a recent novel approach was developed by A. Downey et al.
[48], relying on a biphasic DC supply. The technique demonstrated
consistent and stable long-term signal by continuously charging
and discharging the self-sensing material, therefore avoiding con-
tinuous polarization effect. A periodic measure/discharge square
voltage wave is applied with alternated positive and negative volt-
age, in which measurements are made during the measurement
region of the wave (positive voltage) and the material is depolar-
ized during discharge region (negative voltage).”
In Figs. S7–S9, it is noticeable a clear decrease of the FCR ampli-
tudes with the temperature growth, resulting in lower piezoresis-
tive sensitivity. However, the specimens maintained the linearity
and repeatability. In Fig. 9, the results were put together to analyze
statistically the effect of the temperature variation in the piezore-
sistive parameters. The column charts show the average value
obtained among the samples, along with the respective error bars.
At first glance, the resistance exhibited a clear dependence on the
temperature bellow 25 C, with an accentuated increase at 15 C.
Above 25 C, the resistance decreases slightly over the temperature
rise. Similar overall values of maximum FCR were registered for
15 C and 25 C, tending however to be slightly bigger at 25 C, fol-
lowed by a linear decrease from 25 C to 45 C. This goes towards
the results found B. Han et al. [32], in which CF/CB composites
were experimented between 30 C and 50 C and the maximum
value of FCR was reached at 30. The GF shows a linear decrease
from 15 C to 35 C with a more accentuated drop from 35 C to
45 C. The average GF value ranged roughly from 60 to 40, i.e.,
approximately the double if compared with our previous report
[36]. The stress sensitivity variation follows the FCR tendency with
similar values at 15 C and 25 C, followed by a linear decrease
from 25 C to 45 C. The average sensitivity at 25 C is 32% bigger
than found previously [36]. Given the obtained results, a noticeable
decline of the piezoresistive properties may be concluded due to
the rise in temperature, by a non-linear decrease of ca. 30%. How-
ever, the linearity and repeatability were not affected. Interest-
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2 demonstrated lower average values.
The literature of CB as PCSS additive is scarce. Although only
one relevant study was found [26], the results found are in line.
A similar GF of 55 was registered in CB-based cement pastes, along
with a stress sensitivity of 0.0063 MPa1. Remarkably, our compos-
ite uses more than 4 times less CB filler (in vol%) and still showed
good repeatability levels and better linearity. On the other hand, CF
and CNT-based composites have shown GF values up to 445 [13]
and 220 [42], respectively, in cement pastes. Their partial replace-
ment by CB has also been investigated. This lowers the price of the
composite and improves workability, maintaining high piezoresis-tive characteristics. For instance, Han et al. registered remarkable
GF values of 227 in CB/CF composites [26] and 704 in CB/CNT-
based composites [33]. That said, the registered piezoresistive
parameters are roughly an order of magnitude lower than those
from CNT, CF or hybrid composites. Nevertheless, besides the
amplitude of the parameters, signal definition, linearity and
repeatability are also key factors to take into account in PCSS. For
instance, precision strain gauges have GF values of 2 but an extre-
mely precise response.
The values obtained for the error of the mean also worth a note.
Despite a special attention in the preparation of the PCSS, the sam-
ples exhibited some discrepancies between each other. At 25 C,
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tance and piezoresistive parameters, respectively. Concerning the
resistance, such variations may be due to the heterogeneity of
the PCSS structure. Rather than an eventual non-optimal disper-
sion of the conductive filler, we believe that the use of aggregates
significantly contributed to the inconsistencies encountered. Most
works found in the literature, report the study of cement pastes,
with a natural better homogeneity and, consequently, repro-
ducibility. However, we consider our approach more adequate for
the inclusion in concrete elements due to the similarity in terms
of structure and behavior. Regarding the piezoresistive parameters,
a study fromWen et al. [31] could support the wide distribution of
results. CF/CB-based cement pastes were experimented under
stress amplitudes ranging from 5 to 25 MPa. The magnitudes of
the deviations between specimens, showed dependency on the
amplitudes of the stimuli. The lower stress led to an error ca. three
times superior, compared with the higher stress. The low stresses
used in our experiments may explain the large distribution of
results. For instance, high resistance errors of ca. 15%, were also
found in the referred study for cement pastes containing 2% of
CB by mass of cement.
It is important to mention that voltages of 45 V might be quite
high for field applications, so that specific precautions must be
taken. Currently, the setup used in laboratory relies in a power
supply with a build-in electronic circuit breaker which does not
allow currents over 0.5 A. With a similar power source, it is possi-
ble to power up to  250 sensors, in a safe mode, for instance. In
terms of energy consumption, knowing that each sensor needs a
maximum of 0,09 W of power (P = 0,002 A  45 V) and they are
0,01m2, it is possible to estimate an energy consumption of ca.
9 W.h/m2, which may be considered rather low.4. Conclusions
The piezoresistive response of carbon black cement-based com-
posites was studied with the purpose to develop PCSS systems for
traffic monitoring applications. In contrast to other PCSS studies,
relevant specimen sizes for pavement embedding were considered.
Low stress amplitudes up to 2 MPa were applied to evaluate
whether the composite material had enough sensitivity to accu-
rately monitor traffic-like loadings. Our results demonstrate that
the low-cost CB filler provides a remarkably reproducible behavior
with the average GF ranging from 40 to 60. While heating the spec-
imens to 45 C led to a decrease in sensitivity of about 30%, their
linear response to applied stress was not affected. Taken together,
the performance of this composite is in the range of analogous
materials that make use of more expensive fillers.
In future studies, the effect of moisture and the dynamic
response (i.e. higher frequency cycles of applied stress) of this
composite should also be analyzed.Acknowledgements
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